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Abstract 
 
This thesis covers two main areas of investigation, the production and recovery of process 
dusts formed in the steelmaking industry, and secondly the study of the utilisation of coals 
for injection in a blast furnace and during co-firing with biomass in a utility boiler.  These are 
linked by an overall aim to research the environmental and economic sustainability of 
industrial processes through increased process efficiency, decreased environmental 
impacts, and increased recovery of waste.  It comprises a summary of the research 
contribution from six first-author peer reviewed journal publications and nine 
supplementary contributions for the submission of a PhD by published works.   
    Process dust research was carried out on a 300t vessel requiring the development of a 
novel industrial scale isokinetic sampling methodology, capable of sampling frequently 
enough to measure and analyse mass flow profiles and zinc mass contamination profiles at a 
higher level of detail than in prior research.  A new understanding of the impact of in-
process iron ore additions and waste oxide additions were correlated with additional dust 
and zinc mass peaks.  This methodology was also used to prove that a new process change 
involving a galvanised scrap holding stage could be applied to successfully reduce the zinc 
contamination.  Research into a modified hydrometallurgical leaching method for blast 
furnace dust gave high zinc extraction, but with low iron extraction, by the novel utilisation 
of the substituent group effect of carboxylic acid leaching.  Further research also identified 
that improvements in the zinc extraction selectivity could be achieved using a non-aqueous 
solvent to utilise the Lewis acid effect.  
    In terms of solid fuel utilisation, factors such as the physical properties, cost, and 
availability result in end users blending coals to meet their needs.  The use of higher volatile 
matter coals was found to benefit blends with low volatile coal in the context of the blast 
furnace, but research conducted on a 500MW utility boiler showed that carbon monoxide 
and dust levels increase.  Although grinding coals to a pulverised specification has been 
proved to benefit utilisation, new findings show that the additional grinding alters the 
surface chemistry and reactivity of many coals and was related to reduced burnouts 
compared to some larger particle size specifications. 
    Research on industrial processes is challenging, but these papers aim to address 
sustainability issues in terms of the efficient use and recovery of materials.  
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1. Introduction to the Thesis 
This thesis represents work carried out researching industrial processes in terms of both the 
economic and environmental sustainability necessary for the future of ironmaking, 
steelmaking and for coal fired power generation.   This involved the investigation into 
increased process efficiency; the minimisation and recovery of process emissions such as 
dusts; and reductions in emissions of carbon dioxide through the incorporation of 
renewable materials.  
As required, under the senate regulations for the award of the degree of PhD by published 
works, the submission comprises the following required parts:  A list of the published works 
to be examined, a critical commentary giving an evaluation of the field of research work 
indicating the original contribution to learning in that field, and finally, additional 
conference and co-authored papers contributing to original research. 
This thesis represents a body of research work carried out by the author over an extended 
period of time.  It is the culmination of work bringing together a series of published journal 
papers which describe specific aspects of original research work that address issues of 
sustainability in industrial processes:  
 The first critical commentary section, material recovery research in the steelmaking 
industry, looks closely at resource efficiency in the Steelmaking industry where co-
products in the form of dusts represent significant losses to efficiency in the 
ironmaking and steelmaking processes.  Material recovery is essential to the 
sustainability of these economically, because the loss of raw materials such as iron 
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ore and fluxes directly impacts the product yield, whilst indirectly increasing the cost 
of dealing with these arisings.  Secondly, these dusts represent a significant 
environmental burden, either through fugitive emissions into the surrounding and 
wider environment or through a requirement to landfill. 
In addition to material losses, contamination of these arisings with materials such as 
zinc makes recovery more problematic.   Consequently, the journal papers submitted 
in section one investigate three separate aspects. The first is the statistical 
correlation of process variables with dust mass and contamination to understand the 
most relevant ways to make process changes to reduce dust mass and 
contamination, the second paper researches alternative processes to reduce zinc 
contamination in the dusts so that the quantity that can be recovered through the 
process can be maximised, and the final publication details a novel leaching process 
to selectively remove zinc contamination from blast furnace dust, without extracting 
iron, to produce a dust that can recovered through the sinter plant.  
 The second critical commentary section, utilisation of solid fuels in power generation 
and ironmaking, investigates the efficient utilisation of coal in industry.  Despite an 
international effort to move away from coal utilisation because of the impact of its 
emissions on climate change, it is still a significant global energy resource in a world 
with increasing energy requirements.  In the power industry, its efficient utilisation 
will still be essential to minimise its legacy on the climate during the transition 
period to a lower carbon future, and the first paper submitted in section 2 
researches the impact of co-firing of coal with renewable biomass feedstock on the 
burnout and emissions in a down fired utility boiler.    
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In comparison, coal for metallurgical applications is set to continue to be a primary 
raw material in the production of iron for the steel industry.  Increasing quantities of 
blast furnace coal injection reduces the coke input and improves the efficiency of 
ironmaking by directly improving the yield of product.  The remaining two papers 
cover research into improving the utilisation of coal by blending and by investigating 
fundamental aspects of surface chemistry caused by grinding, which has been shown 
to affect burnout in an adverse manner. 
In addition to the papers discussed, supplementary conference papers and co-authored 
papers have been included which relate to these areas and represent the authors original 
contribution to research in this field. 
1.1. Aims and objectives 
The aim of the first section of the thesis was to maximise the recovery of valuable iron units 
in the steel industry by conducting rigorous research into the reduction, reuse and recycling 
of co-product dusts formed during the processes.  The main objectives of this work covered 
the following areas: 
 Development of a novel in-line isokinetic sampling methodology capable of 
extracting representative samples for accurate analytical characterisation of the 
variation in Basic Oxygen Steelmaking (BOS) dust slurry composition from a pipe 
carrying slurry at very high flow rates (15000 L/min). 
 Quantify and characterise the dust slurry to allow the plotting of accurate dust mass 
and zinc mass profiles during each trial heat.  
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 Correlate BOS dust and zinc mass contamination loadings during steel manufacture 
to raw material inputs, galvanised scrap, waste oxide briquettes (WOBs) and process 
variables. 
 Investigate the effect of a new modified manufacturing process aimed to reduce zinc 
contamination in BOS dust and therefore increase the quantity of dust that can be 
re-used. 
 Research the suitability of carboxylic acids to leach zinc from blast furnace dust and 
propose a mechanism of extraction of zinc and iron. 
 Use a novel non-aqueous solvent selective leaching method to maximise zinc 
extraction and minimise iron extraction. 
The aim of the second section was to conduct rigorous research into the efficient utilisation 
of coal by maximising the degree of conversion; firstly in the power industry, where co-firing 
with biomass affects burnout, emissions and boiler operation, and secondly during 
ironmaking, where very rapid burnout is required in the hot air blast of the blast furnace 
raceway region. The main objectives of this work covered the following topics: 
 Installation and commissioning of a drop tube furnace. 
 Determination of biomass burnout for different particle sizes and at different 
temperatures compared to coal in a drop tube furnace. 
 To measure the effect of biomass co-firing with coal in a 500 MW utility boiler, 
looking specifically at the effect of particle size and secondary air flow on super-
heater temperature distribution, unburnt carbon, ash particle size, and flue gas 
emissions. 
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 Research into the effect of blending with low volatile coals on the combustion 
burnout in air, devolatilisation and kinetics in a drop tube furnace and 
thermogravimetric analyser (TGA). 
 Investigate the effect of the particle size and the process of grinding on the coal 
burnout and physical properties after combustion in a drop tube furnace. 
 Determine the effect of the grinding process on the surface chemistry and structure 
of coal. 
1.2. Thesis structure 
The discussion presented in this thesis is divided into two sections for critical commentary 
as required under the senate regulations for the award of PhD by publication.  Each of the 
sections is subdivided to introduce the context of the research covered in the paper, discuss 
the findings of the papers submitted, and finally to indicate the original contribution made 
by the research.  The published journal papers for examination are documented in Appendix 
1, followed by supplementary published works and conference papers included as 
supporting work in Appendix 2. 
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Section 1. 
Material Recovery Research in the Steelmaking 
Industry 
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2. Correlation of BOS Process Variables with Dust Mass Formation 
and Zinc Content 
2.1. Introduction and background 
During the Basic Oxygen Steelmaking process, oxygen is injected into a vessel of molten pig 
iron at supersonic velocities during what is termed as the ‘blow’ to oxidise the residual 
carbon and convert it into steel.  However, this process creates large quantities of dusts (15-
20 kg/t hot metal). These are captured by the off gas system, and  represent a loss of 
valuable iron units as well as being  a potential environmental liability either as airborne 
emissions or, due to captured dust, requiring disposal in landfill [1-3].  The preferred ways 
for steel manufacturers to deal with these dusts are to minimise how much is produced and 
maximise how much is reused through the steelmaking process [4, 5].    
This paper describes a body of research work carried out to investigate the quantitative 
effect of BOS process variables on dust and zinc mass, sampled and measured, during 
twelve full scale 300 t steelmaking ‘heats’. Comparisons were then made using statistical 
linear Pearson correlations and multi-regression analysis. 
Firstly, it involved obtaining a detailed understanding of the process to establish the most 
suitable location and methodology for sampling.  Because many thousands of kilogrammes 
of process dust are produced per heat and the dust is carried in an off gas system with a 
large area, the BOS dust slurry pipe exiting the manufacturing building was chosen, where 
the slurry flow from the primary wet scrubber passes through a smaller sampling area 
compared to other parts of the system.  A sampling set-up capable of accurately quantifying 
the dust was designed and fabricated, so that samples could also be captured for detailed 
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analysis and characterisation in the laboratory.  Finally, detailed process information was 
obtained from the control system to determine addition times and quantities to compare 
against the results obtained after analysis and interpretation. 
The complexity and scale of the process means that many variables contribute to the 
amount of dust produced, and also to the levels of zinc contamination which limit the reuse 
of those dusts.  An increase in galvanised metal scrap recycling over recent years has 
resulted in larger quantities of zinc in the process and therefore carrying through into the 
process dusts [5-7].  Consequently, there is a requirement to research and understand the 
impact and interaction of the different process variables on the dust mass and zinc mass to 
help optimise the process so that the dust production can be minimised and dust reuse can 
be maximised.   
The dusts are reused through the BOS process in the form of waste oxide briquettes (WOBs) 
which are made by combining the dusts with a suitable binder and compressing them to 
form a solid briquette.  However, in addition to the process variables little research is 
available on the effect of these briquettes, or the incorporation of in-process additions on 
the dust mass or zinc mass.  This paper used a robust sampling methodology to carry out 
research on a large scale to further the understanding of these manufacturing processes. 
2.2. Research methodology 
The main research challenge to measure the effect of the process variables was the 
sampling of the BOS dust slurry and the reliable measurement of volumetric flow rate so 
that the mass flow rate could be calculated.  To achieve this, a sampling device shown in 
Figure 1 was designed, manufactured and fitted into the main slurry pipe.  A detailed 
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description of the sampling system was presented in the conference paper “In-line sampling 
of basic oxygen steelmaking dust” located in Appendix 2 [8].   
 
Figure 1. Device for sampling from the BOS dust slurry pipe 
The determination of the mass flow of the dust involved measuring the depth and velocity 
of the BOS dust slurry in a pipe with an internal diameter of 600mm carrying the slurry at a 
velocity up to 2.8 m/s with peak volume flow rates up to 15000 L/min, see Figure 2.  In 
addition, 10 L slurry samples were taken every minute at peak times during the blow which 
were bottled, dried and the solid residue analysed. The samples collected were 
characterised using an inductively coupled plasma spectrophotometer to determine the 
concentration of zinc in the dust.  The concentration of zinc was then applied to the mass 
flow rates to determine the zinc mass flow rate.  These mass flow profiles were 
subsequently compared to the manufacturing information to compare with process 
additions. 
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Figure 2. Picture of BOS slurry pipe and sampling point 
2.3. Original research contribution  
There is currently limited published work of this type in the literature, partly because of the 
commercial nature of the research and reasons of confidentiality, but also because these 
systems are very large-scale industrial processes making measurement difficult to organise, 
manage and implement.   
Gritzan et al [9] carried out valuable work in a similar experiment on a 200 t BOS vessel at 
TKS Dortmund, but there are some important differences between the studies.  In 
comparison, this study involved sampling the dust in the form of the slurry; the BOS process 
included the addition of galvanised scrap, measurement of zinc mass flow, and in-process 
WOB additions. It also included the complete ‘heat’ rather than specifically on the blow 
period only.   Another important study was carried out by Inaba et al at Kobe Steel’s 
Sample point 
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Kakogawa works which looked in detail at the zinc content in the slurry [10].  In their work, 
the authors compared the concentration of the zinc in the slurry, but this study involved the 
more detailed measurement of the volumetric flow rate which allowed the comparison of 
absolute zinc mass flows.  Because of the variation in slurry flow rates during each heat, the 
zinc concentration profiles were found to vary out of sync with the mass profiles. 
Most of the relevant research for BOS dust, or similar dusts such as electric arc furnace dust 
(EAF), focuses on the downstream treatment or recovery solutions [2, 4, 11, 12].  The 
following list highlights key original research contributions of this work:  
 Developed and applied a novel industrial scale isokinetic methodology to determine 
accurate mass flows of dust from the steelmaking process.  These findings were 
published, in combination with the analysis of the dust composition, to produce new 
and more detailed mass flow profiles of the individual components plotted against 
time and compared with the measured manufacturing process variables.  
 Contributed to a new understanding of the impact of different in-process material 
additions in the BOS process, such as the correlation of iron ore with additional dust 
in comparison with WOB additions which did not correlate with additional measured 
dust mass. 
 Published research into the incorporation of WOBs as in-process additions which 
were found to be a stronger predictor variable than the galvanised scrap charge for 
zinc dust mass.  This suggests that multiple WOB additions should be avoided in-
process to minimise zinc contamination, and that the relationship between scrap 
additions and zinc contamination is more dependent on process conditions than the 
WOB additions.  
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3. Characterisation of BOS Steelmaking Dust and Techniques for 
Reducing Zinc Contamination 
3.1. Introduction and background 
The presence of zinc in process dusts containing iron poses a serious issue to reusing it 
through the BOS steelmaking process due to its volatilisation, reaction and deposition as 
zinc compounds which form accretions which can cause damage to the BOS vessel hood and 
off-gas system [13-16].  Scrap recycling is an integral part of BOS steelmaking, but the 
increased use of galvanised steel in the marketplace results in its inclusion in the scrap 
charge, and the zinc then finds its way into the process dusts.  Few BOS manufacturing 
process modification options are available as a solution to deal with this. 
This paper describes research carried out on a full scale BOS steel vessel trial.  The basis for 
this work was the hypothesis that zinc could be volatilised from the surface of the metal 
scrap because of its comparatively low boiling point by utilising the residual heat of the 
converter between heats and in an inert atmosphere provided by the bath agitation system 
(BAP).  By modifying the manufacturing process in this way, the aim was to collect the zinc 
dust prior to the liberation of the main bulk of the process dusts during the blow and 
thereby offering a potential process solution for separation of the dust depending on its zinc 
concentration. 
Zinc present as vapour in the off-gas system can react at high temperatures to form zinc 
ferrite, which is a very stable and problematic zinc compound to remove from process dusts 
[17].  However, by liberating the zinc prior to the blow it was also hoped that the formation 
of zinc ferrite might be minimised, leaving other oxides which are more amenable to 
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leaching by hydrometallurgy [12, 18].  The paper also investigates the impact of charging 
regimes on the absolute mass and relative concentration of zinc in BOS dust.  
3.2. Research methodology 
In comparison to other research in this field, studies have been predominately focussed on 
downstream solutions involving the post treatment of BOS dusts using hydrometallurgical 
and pyrometallurgical techniques [4].   These techniques have had varying degrees of 
success and many are already used industrially for this purpose, but they do not address the 
source of zinc contamination in BOS dusts.  
A limiting reason for upstream process solutions to zinc contamination is the disruption it 
can have on manufacturing procedures and timings.  Consequently this full scale 248 m3 trial 
was designed to cause minimum disruption to the operation of the BOS plant.  To achieve 
the research objectives the following set of production conditions were used: 
 A fixed amount of galvanised scrap charge per hold heat (20t). 
 2 trials for comparison of the zinc volatilisation with a minimum of 5 heats per trial.   
 The converter purged with at least 2 vessel volume changes of nitrogen. 
 Maximum purge gas flows (bath agitation process system). 
 Converter tilted to increase the possibility of volatilised zinc capture. 
 Secondary dust ID fans at maximum load output. 
 Secondary dust silo to be emptied prior to the start of the trial. 
 Secondary dust silo emptied after the trial and total dust mass recorded. 
 Avoid the use of in-process additions during hold trial heats. 
 Single converter operation.  
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 A robust and repeatable sampling method. 
3.3. Original research contribution 
The originality of this work is the modified galvanised scrap holding process stage carried 
out in a series of full scale BOS process trials, designed and implemented to test the 
hypothesis that zinc can be volatilised in-situ prior to a blow.   
Work carried out by others in this field has identified that zinc can be volatilised from zinc 
galvanised metal and that zinc is predominately associated with fine particles [19, 20], but 
the author is not aware of published work on trials of this scale to demonstrate and 
measure the effect of holding galvanised scrap.   
With a mixture of theory and supporting data, Ma, N.Y showed that spontaneous separation 
of zinc from iron bearing dusts occurs in the ironmaking and steelmaking off-gas cleaning 
systems, and that dry off-gas cleaning systems provide the most favourable conditions for 
zinc to separate from the dust [7].  However, the paper went no further than suggesting that 
dry dust separators could be arranged in the off-gas cleaning system so zinc could be 
concentrated, and the majority of solid dusts recycled through the blast furnace.  The 
following list highlights key original research contributions of this work:  
 In a BOS charge containing a high zinc input, it was demonstrated that by holding 
galvanised scrap and utilising the residual heat of the vessel between ‘heats’, the in-
process method reduced the zinc contamination of the BOS dusts by up to 52% of 
the initial charge. 
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 Detailed in-process measurements and analysis resulted in the publishing of detailed 
mass flow profiles and zinc flow profiles during the entire ‘heat’.  This data identified 
peaks and troughs in dust and zinc mass flow which could be targeted to separate 
off-gas streams and increase the dust recycling opportunities. 
 The in-process sampling method identified differences in the zinc oxides formed 
before and after the blow which might be separated based on their suitability for 
different treatment techniques. 
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4. Investigation of Carboxylic Acids and Non-aqueous Solvents for the 
Selective Leaching of Zinc from Blast Furnace Dust Slurry 
4.1. Introduction and background 
Processes to extract metal contaminants from steelmaking waste arisings as a means to 
remediate and reuse them are divided into either thermal pyrometallurgical methods, or 
hydrometallurgical solution extraction processes.   
Hydrometallurgy is a well-established technique to extract metal cations into an aqueous 
solution and is widely used to extract metals from ores.  It has also been used as a technique 
to treat steelmaking dusts so that the lost iron units can be reused through the 
manufacturing process [1, 2, 4].  A complete hydrometallurgy process consists of three 
stages: firstly leaching the metal into solution; secondly to separate and purify it; and finally 
the recovery of the metal from solution by electrowinning.  However, levels of zinc 
contamination in steelmaking dusts are often too low for the electrowinning of zinc to be an 
economically attractive option, and too high to recycle back through the process without 
causing process issues such as accretions on the vessel walls.  Factors which determine the 
most suitable recovery process include the following: 
 Value of the recovered metal/s. 
 Process selectivity for the required metals. 
 The presence of interfering compounds in the sample. 
 The chemical forms of the target metals. 
 The number of stages, energy and materials required to extract, recover and 
purify the metals. 
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 Amount of waste products produced by the process. 
 
To dissolve and recover the metals from the dusts often requires the use of strong chemical 
reagents, but these are often not selective to zinc alone and can also leach significant 
quantities of iron [21, 22].  Because the zinc is usually present in different chemical forms, a 
range of reagents are often required to dissolve specific species of compound.  The choice 
and cost of the process is very dependent on the physical and chemical composition of the 
sample, which affects the number of stages for the recovery process, the amount of energy 
used, and the amount of co-products formed. 
Many processes have been successfully demonstrated, and acids are often used to leach 
metals.  Hydrochloric, nitric and sulphuric acid are common acidic lixiviants used to recover 
zinc from steel making dusts, and have demonstrated zinc recovery rates between 75-98% 
depending on the dust used and on the process conditions. However, significantly high 
levels of iron are often also co-extracted (up to 50%) which reduces their suitability [23-25].   
This paper describes a leaching process to extract zinc contamination from blast furnace 
dust without removing iron and allowing it to be potentially recovered through the sinter 
plant/blast furnace.  These dusts often contain lower levels of zinc (ca. 2.5%) when 
compared to BOS dust (ca. 10%) or EAF dust (ca. 20%), but these are no less problematic for 
recovery as only low zinc levels are permitted through a blast furnace (ca. 150g/t hot-metal) 
[3].      
This research work used organic carboxylic acids with different substituent groups to extract 
zinc and test the hypothesis that differences in zinc and iron extraction can be explained in 
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terms of the Lewis and Bronsted-Lowry acid/base theories.   This work was extended to use 
non-aqueous solvents to alter the influence of the substituent groups on the extraction and 
improve the selectivity for zinc.  As a result, the selectivity was explained as a balance 
between proton dissociation associated with the Bronsted Lowry theory and zinc extraction 
in terms of the Lewis acid theory. 
In addition to this paper, the author carried out other work with colleagues researching 
potential extraction techniques for steelmaking wastes, resulting in the publication 
‘Characterisation of Chromium-Copper- Arsenic (CCA) treated wood waste from a steel-
making environment’ published in WIT Transactions on Ecology and the Environment 
(2012), and a technical review paper ‘An evaluation of chlorination for the removal of zinc 
from steelmaking dusts, published in Minerals Engineering (2011) [26, 27]. 
The first paper details the characterisation of treated wood from a coke quenching tower 
and a series of leaching experiments which formed the precursor to a more detailed 
hydrometallurgical proposal for extracting copper, chrome and arsenic.  The second paper 
details a pyrometallurgical process using chlorine gas at temperatures up to 750°C, to 
extract zinc from stockpiled steelmaking dusts by forming the labile ZnCl2.   
4.2. Research methodology 
A composite representative sample of blast furnace dust was obtained from the settling 
lagoons by sampling from five separate locations to test the efficacy of the leaching tests 
using different reagents, concentrations, extraction times and solvents.  The experiments 
were carried out in stoppered 250 ml conical flasks on magnetic stirrer hotplates to ensure 
constant agitation using 10g of sample and 100g of lixiviant.  Where higher temperatures 
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were used, a water cooled Liebig condenser was incorporated to ensure minimal losses.  
After leaching, the samples were filtered and dried for further analysis. 
The main aim of the research was to achieve high zinc extraction with low iron extraction 
from a blast furnace dust leaching method, so that the iron units in the treated dust could 
be potentially recovered through the blast furnace via the sinter plant. 
4.3. Original research contribution 
This research paper followed standard methodology carried out by other researchers to 
investigate extraction of zinc from process dusts by leaching in acidic media.  However, the 
novelty of the work lies not in the methodology, but in the selection of carboxylic acids and 
the identification of the mechanism by which they achieve leaching selectivity for zinc.   
These acids were benchmarked against sulphuric, nitric and hydrochloric acid which have 
been demonstrated by many authors to achieve good zinc extraction.  These mineral acids 
measured high zinc extraction >74%, but also extracted high levels of iron (20-46%).  In 
comparison, the carboxylic acids performed better and the following list highlights the key 
original research contributions of this work: 
 A successful leaching process using the organic carboxylic acid, prop-2-enoic acid, 
capable of extracting up to 83.1% zinc with 8.5% iron extraction from an oven dried 
sample of blast furnace dust which had an initial zinc content of 2.3% and iron 
content of 28.9%. 
 Use of a non-aqueous solvent to increase the selectivity of the leaching process by 
reducing the extraction of iron from 8.5% to 0.1%. 
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 Identified a method of improving the extraction selectivity using a non-aqueous 
methylbenzene solvent to alter the acid proton dissociation associated with 
Bronsted Lowry behaviour.   
 Proposed a novel mechanism of zinc extraction thought to be due to the substituent 
group effect where the group is withdrawing electrons from the organic acid group 
so it acts as a stronger Lewis acid electron pair receiver.  
 
 
  
24 
 
Section 2. 
Utilisation of Solid Fuels for Power generation and 
Ironmaking 
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5. Biomass co-firing trials on a down fired utility boiler 
5.1. Introduction and background 
This paper describes research that investigates the co-firing of biomass with coal, 
characterising and comparing the fuels and the ash composition; looking at the 
devolatilisation profiles; flame stability; and most importantly measuring the effects and 
impact of co-firing on a 500MW boiler at a utility power station.  
The co-firing of biomass from renewable sources has been adopted by RWE at Aberthaw 
power station to meet renewable energy targets set out in the Renewables Obligation [28].  
In addition to the differences between coal and biomass characteristics, the boiler is a 
‘down fired’ type specifically designed to give the longer particle residence times needed to 
burn out the low volatile semi anthracitic coal supplied locally.  This has important 
implications on the stable operation of the boiler, as biomass has much higher volatile 
matter contents compared to coal; which can affect the flame temperatures, heat profiles, 
availability of oxygen for combustion, and emissions of NOx and CO. 
The research covered in this paper extends from the laboratory to full industrial scale, 
comparing the devolatilisation of biomass and coal in a drop tube furnace; investigating 
flame stability and fouling effects on a 1.5MW combustion test facility at Didcot power 
station; and finally carrying out co-firing trials on a 500MW industrial utility boiler.   
In addition to this work, the author also contributed to a number of other published 
research papers related to this field, investigating potential energy recovery from waste, 
which are included in Appendix 2.  Particularly relevant for comparison to this co-firing 
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research is the paper published in the Proceedings of the Institution of Civil Engineers: 
Energy ‘Biomass and waste co-firing in large scale combustion systems’ which discussed 
detailed research into different types of biomass and biomass varieties.  This paper looked 
specifically at the ash properties such as melting and fusion, and their potential impact and 
suitability in different thermal applications.  Although biomass tends to have lower ash 
contents compared to coal, the composition of the ash discussed in the paper includes more 
problematic alkali and alkaline earth elements such as potassium and calcium which 
contribute to fouling and slagging [29]. 
5.2. Research methodology 
The first aspect covered by the paper was the devolatilisation of Miscanthus grass, as a 
potential source of biomass for co-firing on the full scale trials, measured using a drop tube 
furnace.  This vertical tube furnace was used to replicate the fast particle heating rates 
typically experienced in pulverised fuel injection and was used to look at the devolatilisation 
in a dilute particle phase, laminar gas flow, and at temperatures up to 1400°C.  Two particle 
size classifications were obtained by sieving (0.18 - 0.85 mm and 1.18 -2.00 mm) and tested 
on an oven-dried basis for comparison.  The aim of this aspect of the work was to compare 
the impact of different particle sizes on the extent of devolatilisation, because of its known 
effect on co-firing described by other authors [30-33].  
A 1.5MW combustion test facility located at Didcot power station was used to compare the 
effect of biomass co-firing at different levels on the slagging tendency.  Ceramic sleeve 
coupons were inserted through sampling ports in the combustor walls to measure the build-
up of slag on the coupons for visual comparison of the effects of biomass blends.  Many 
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papers discuss the effect of lower ash fusion temperatures associated with Miscanthus, but 
few of these have demonstrated it at the scale discussed in this paper [34-37].   
The main focus of the paper was the testing carried out on the 500 MW down fired boiler at 
Aberthaw power station where the biomass was added through four nozzles perpendicular 
to the boiler walls compared to the down fired configuration for the 36 coal burners.  
Biomass in the form of woodchips was hammer milled to two different classifications for 
testing using a 10 mm and a 14 mm screen, and carried by unheated primary air through a 
central tube in each nozzle at 5 t/h surrounded by an adjustable supply of annular 
secondary air. 
Under normal circumstances the boiler is controlled in ‘load sensitive’ mode by a logic 
control system to deliver a constant steam pressure in the steam drum according to load 
demand.  However the co-firing trials were run under ‘frequency insensitive’ mode so that 
the unit output remained constant to allow more direct comparisons of the changes without 
other variables such as the input of coal. 
Anecdotal process experience showed that the primary air carrying the biomass had 
negligible impact on the boiler performance, but the basis for this research paper was the 
hypothesis that the secondary air could be used to improve biomass co-firing combustion 
performance by improving mixing.  The aim of the trial was to measure the effect of this 
additional mixing by changing the secondary air damper settings and to measure the impact 
of the biomass particle size in relation to these changes. 
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5.3. Original research contribution 
This paper represents a rare opportunity to carry out published research on a large scale 
industrial boiler.  Because of the practicalities associated with industrial scale investigations 
a limited amount of published work is available, and so this research represents a valuable 
addition to this field, particularly as it describes co-firing high volatile matter content 
biomass in a boiler designed for combusting low volatile matter coals [38-41]; this paper 
continues to be well cited by other authors in the field. Because of the wide difference in 
the properties and proximate analysis of the biomass and coal, the paper gives a valuable 
insight into the performance and impact of co-firing in some of the most challenging 
circumstances.  The following list highlights the key original research contributions of this 
work: 
 Secondary air around the biomass nozzle is critical to achieving good biomass/air 
mixing, and therefore reduces any unburnt material due to incomplete combustion.  
However, it was found that too much secondary air increased the variation of 
temperature across the super-heaters. 
 The rapid devolatilisation of high volatile content biomass leads to a comparatively 
faster reaction rate compared to the oxidation of non-volatile carbon, reducing the 
available oxygen in the boiler.  This results in increased carbon monoxide and dust 
levels due to incomplete burnout and potentially limits the overall level of co-firing. 
 The addition of the biomass above the primary coal combustion zone was found to 
produce a variable effect on the formation of NOx where factors such as the re- burn 
effect, caused by the addition of higher volatile fuel above the main combustion 
zone, alter the balance localised equivalence ratio conditions in the furnace. 
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 Particle size has the largest effect on the unburnt carbon in the fly ash and higher 
secondary air is limited in its mitigation of this.  Milling biomass through finer 
screens is essential to combustion performance but impacts throughput. 
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6. Opportunities to Improve the Utilisation of Granulated Coals for 
Blast Furnace Injection                                  
6.1. Introduction and background 
This paper is based on research into the selection of metallurgical coal for injection into the 
blast furnace, where coals are incorporated as a substitute for the coke charge.  Most blast 
furnace coal injection research is based on a pulverised size specification [42-46], however 
this paper investigates the blending of coals milled to a larger granulated size coal 
specification, where there are fewer publications [47-50].     
Operators require flexibility in the choice of coals depending on the chemical and physical 
properties, cost, and availability; this paper looks at the blending of low volatile matter 
content coals which are less widely used for blast furnace injection because of concerns 
regarding lower burnout [51, 52].  These represent an economic choice for contributing to a 
reduction in the cost of ironmaking, but they are also more technically challenging for blast 
furnace injection where the raceway residence times are very low allowing little time for 
burnout of lower reactivity chars in comparison to volatiles [53, 54].   
The efficient utilisation of coal injected in the blast furnace is dominated by how much coal 
combusts or gasifies, and this paper investigates and compares this using two methods of 
thermal analysis, thermogravimetric analysis (TGA) and a drop tube furnace (DTF).  These 
two techniques have been used extensively by researchers to measure different aspects of 
coal combustion [55-57].  The TGA technique is a static technique which measures the mass 
change of a small sample (ca. 10-15 mg) placed in an oven with temperature and time.  The 
precision of the balance and resolution of the mass change profiles make it very useful for 
31 
 
measuring the kinetics of the devolatilisation and burnout so that the reactivities can be 
compared in terms of parameters such as the combustibility index [55, 56, 58-62].  In 
comparison, the DTF is a dynamic technique based on the continuous addition of a dilute 
stream of coal into an entrained laminar air flow through a vertical tube furnace.  The DTF is 
used to replicate, as closely as possible, the coal injection conditions in the raceway region 
of a blast furnace which is a high heating rate environment (>104 K/s) [44, 57, 63]. 
The hypothesis of this work was that blending coals could be used as a technique to improve 
the burnout and devolatilisation of low volatile content granulated coals, which are more 
technically challenging coals [45, 63, 64].  The aim of this paper was to quantify the effects 
of blending in the terms described for TGA and DTF to investigate potential synergistic or 
inhibitory effects due to devolatilisation or mineral catalysis. 
6.2. Research methodology 
The TGA was used to apply a non-isothermal iso-conversional kinetic method to calculate 
and compare the activation energies and combustibility indices of the coals and their 
blends.  The Ozawa, Flynn and Wall model free kinetic method was used to calculate the 
activation energy as it does not require finding a suitable model to fit the data should the 
rate limiting mechanism change because of blending [58, 59].  By plotting the logarithm of 
the heating rate against the reciprocal of the absolute temperature for different degrees of 
conversion, the straight line fits were used to obtain activation energies for comparison at 
the different stages of combustion. 
In comparison, the DTF was used to determine the burnout under isothermal conditions as a 
typical hot air blast in the blast furnace of 1100°C.  The dilute particle concentration and 
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high furnace temperatures during the tests results in particle heating rates closer to the high 
heating rate conditions encountered in the blast furnace raceway.  Burnouts were carried 
out in air and calculated using the ash tracer method [65, 66].  
6.3. Original research contribution 
The majority of research on blast furnace injection is on coals milled to a pulverised 
specification [43, 45, 46, 52-54, 67-74]; however, this paper represents an opportunity to 
look at coal burnout and devolatilisation in terms of granulated coals where the surface 
area: volume ratio differs, playing a role in the kinetics and on which there is much less 
published work [47, 48, 50, 75].  In addition, although much work has been carried out into 
the effects of particle size, shape and mineral catalysis, far less has been carried out in terms 
of coal blending [64, 76, 77] particularly with respect the use of challenging low volatile 
matter coals in blends.    The following list highlights the key original research contributions 
of this work. 
 Low volatile semi anthracitic coal could be blended with other selected coals to 
improve the burnout more than the calculated theoretical blend figures. 
 Blending high and low volatile coals resulted in volatile yields higher than theoretical 
figures due to increased particle temperatures caused by volatile matter content 
combustion and particle swelling. 
 Combustibility and activation energy of the low volatile coal could be improved by 
blending with higher volatile matter content coals. 
 Research suggests that higher potassium/aluminium ratios in the mineral ash 
content has a quantifiable effect on burnout characteristics in granulated coals. 
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7. The Effects of Particle Grinding on the Burnout and Surface 
Chemistry of Coals in a Drop Tube Furnace 
7.1. Introduction and background 
This paper was written in the context of blast furnace coal injection and is based on research 
into how the process of grinding coals affects their combustion properties by altering the 
surface chemistry.   This work follows on from the previous paper investigating the effect of 
blending low volatile coals to maximise the flexibility and cost effective selection of coals.  In 
this paper the effect of grinding coals to a larger granulated coal specification was the focus 
where energy, economic, and environmental savings can be achieved by reduced milling 
providing the reactivity of the coals are not compromised.    
It is generally understood that grinding coals to a smaller particle size classification improves 
their combustion properties [52, 78, 79], but the basis of this paper is research into how the 
surface chemistry and combustion reactivity are affected.  Many researchers have focussed 
their work on the beneficial effect on combustibility with smaller particle size due to 
increased surface area, pore volume, heat transfer and devolatilisation, but it has also been 
observed by others that grinding can lead to segregation effects which negatively impact 
reactivity [80-83].  Research on the influence of the coal chemistry tends to focus on the 
analysis of the bulk [63, 73, 81, 84-90] rather than the surface, so this paper gives a valuable 
insight into this aspect, particularly how the surface chemistry relates to the reactivity. 
For the same reasons as the previous paper, the coal burnout was measured using a drop 
tube furnace (DTF) to mimic, as closely as possible, the coal injection conditions experienced 
in the raceway region of a blast furnace.  The coal samples and the char residues produced 
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post burnout were analysed using X-ray diffraction, Laser diffraction and X-ray 
photoelectron spectroscopy (XPS) to compare the effects of grinding and the impact on 
burnout.  XPS was chosen in particular because of its suitability to describe the surface 
chemistry in detail, demonstrated in the work of others in this field, giving bonding and 
structural information [87, 91-93].  
This research paper is based on the hypothesis that the process of grinding can affect the 
type and variety of surface functionality and bonding which could lead to some larger 
particle sized coals displaying better burnouts. The aim of the research was to apply 
advanced XPS analytical techniques, usually used for determining catalytic mechanisms, to 
obtain a novel understanding of the surface chemistry of coals related to the burnouts. In 
this way explaining why, for some coals, larger particle sizes have improved burnout 
compared to smaller ones. 
7.2. Research methodology 
The foundation of the methodology for this work was the grinding and classification of the 
coal samples into the following three particle size classifications: 
   1. 100% < 106 μm 
   2. 100% < 500 μm  
   3. 100% < 1000 μm, 50% <250 μm  
 
The majority of research studies investigate the effect of particle size based on specific size 
fractions [80, 83, 94] obtained by sieve classification rather than the effect of grinding used 
to obtain a specific particle size classification.  It has been shown that it can lead to 
segregation effects because of the heterogeneous nature of coal and its distribution of 
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macerals and minerals. For that reason, each sample was prepared by classifying, grinding 
and reclassifying to meet the specification.  This has the advantage of using the whole 
portion of a specific coal sample rather than a selected portion which might represent a 
heterogeneous fraction of the whole which could be of a different hardness.  However, it 
has the disadvantage of a wider, less specific distribution, potentially leading to a 
corresponding variation in results. 
The DTF was used to determine the burnouts in air under isothermal conditions at the same 
temperature as a typical hot air blast in the blast furnace of 1100°C.   
7.3. Original research contribution 
The particle size ranges tested and obtained using the grinding/classification/regrinding 
method in this paper, give a valuable insight into burnout properties of the complete sample 
rather than a size selected portion.  Because harder particles are more difficult to grind they 
tend to be larger compared to those that are softer and easier to grind, leading to 
segregation which can occur based on their properties and composition.  However, this 
method attempts to avoid these effects based on composition differences providing 
research applicable to real systems. 
In comparison to the prior art in this field, this research investigates far wider particle sizes 
than other work, ranging from a pulverised specification to a granulated coal specification.  
The following list highlights the key original research contributions of this work: 
 The most important finding is that the process of grinding alters the surface 
chemistry in a detrimental way, so that smaller size classifications that underwent 
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more grinding had a reduced burnout compared to the larger size classifications 
which underwent less grinding. 
 The process of grinding influences the char formed in the drop tube furnace.  The 
chars formed from larger coal particles tend to fragment while those from smaller 
particles exhibit swelling.  
 There are far fewer carbon-oxygen bonding species on the surface of samples that 
have undergone more grinding.  However, grinding reduces the percentage of sp2 
hybrid bonding which is associated with lower reactivity graphitic chars. 
 Adapted the XPS curve fitting technique and identified its limitations with the 
quantification of each bonding species to describe the surface chemistry of coals and 
the relationship with combustion burnout. 
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8. Conclusions 
The main conclusions taken from the submitted published journal papers are presented in 
the following two sections. 
Section 1.  Material Recovery Research in the Steelmaking Industry 
Recovery of materials lost as dust emissions during steelmaking is essential to the economic 
and environmental sustainability of the industry, however there is limited detailed research 
on this at an industrial scale.  The papers describe three different aspects of this subject, 
representing new and unusual research findings important to the process yield through the 
recovery of iron and the minimisation of process emissions requiring disposal.  
1. The formation and minimisation of dusts produced during the steelmaking process.  
2. A modified steelmaking process to reduce zinc contamination in dusts.  
3. A dust leaching method capable of high zinc extraction but with low iron extraction.   
Due to the scale and complexity of the industrial processes, carrying out research into the 
quantification, characterisation, and treatment of these dusts was a significant challenge.  
This required a rigorous scientific approach to the techniques and methodology necessary 
to deal with multiple process variables, and the difficulty of obtaining reliable representative 
samples in a very dynamic large scale system.  The following is a list of the main conclusions 
of this work. 
 Process material additions can affect the dust mass and composition in different 
ways depending on the materials and the timing of these additions. In particular, a 
significant correlation was measured for the in-process addition of iron ore with 
additional process dust.  This new finding suggests that the form of the iron ore 
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should be modified, additions should be minimised, or that they should be added 
with the initial charge to prevent the loss of iron units in the form of dusts.  
However, in comparison, the addition of the WOBs did not correlate with additional 
dust, possibly due to the consolidated briquetted form of the waste oxide. 
 Zinc contamination is a real issue to the recovery of process dusts because it leads to 
deposits which can form damaging scabs on the vessel. These build up and then fall 
off due to their weight damaging the refractory walls.  Significantly, the in-process 
WOB additions were found to be a stronger predictor for zinc than the galvanised 
scrap charge.  This new finding suggests that the chemical form of the zinc is an 
important factor, and that an alternative addition regime is necessary to minimise 
dust contamination. 
 Through research into the devolatilisation of zinc it was proved that by applying a 
novel change to the BOS process, zinc could be devolatilised from a high galvanised 
scrap charge by utilising the residual heat of the BOS vessel.  This valuable proof 
opens the door to further research related to the relationship of the zinc 
volatilisation with the off-gas composition and temperature variation during the 
process, to obtain phase shift diagrams for different zinc species to further 
understand and optimise the conditions necessary to minimise the impact of 
contamination. 
 This research yielded a new level of detail in the profiles of dust and zinc mass 
variations in real-time during the BOS process which identified the potential for an 
in-process separation of dust either based on the zinc content, or alternatively by the 
chemical form of the oxide identified by this work, utilising differences in the 
extractability of those forms in the final dust. 
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 Acidic leaching processes have been well researched to extract zinc from process 
dusts, but this research proposed a new mechanism for the selective leaching of zinc 
from blast furnace process dust explained in terms of a balance between the 
Bronsted-Lowry and the Lewis acid theory.  The result of this was the proposed 
explanation that the selection of a suitable acid depends not only on the acidic 
strength, but also on the substituent group effect.  Correspondingly the carboxylic 
acid prop-2-enoic acid was found to extract up to 83.1% zinc with only 8.5% iron 
extraction. 
 This research theory was tested using a non-aqueous solvent to improve the 
selectivity of the process, maximising the zinc extraction by facilitating stronger 
Lewis acid behaviour due to a substituent group effect, and minimising the iron 
extraction associated with Bronsted Lowry proton dissociation from 8.5% to 0.1%. 
Section 2.  Utilisation of Solid Fuels for Power Generation and Ironmaking 
The three papers in this section form the basis of research into the efficient utilisation of 
solid fuels, firstly as biomass/coal co-firing in a utility power generation boiler, and secondly 
as coal injection in ironmaking.  In both circumstances the complete devolatilisation and 
burnout of solid fuels is essential to maximise their utilisation, and the findings from this 
research identifies some specific relationships between the properties and process.   The 
following list details the main conclusions of this work: 
 New findings on a down fired utility boiler operating under co-firing conditions 
identified that rapid combustion of the high volatile matter content of the biomass 
consumed the available oxygen rapidly, resulting in increased carbon monoxide and 
dust levels due to the incomplete burnout.  This also has potential implications for 
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the use of high volatile matter coal blends injected in the blast furnace resulting in a 
decrease in the permeability of the blast furnace. 
 It is widely understood that particle size and milling are very important for the 
devolatilisation and burnout of solid fuels in all applications.  Although milling 
biomass to smaller particle sizes consumes energy and can result in screen 
blockages, it also resulted in less unburnt carbon in the fly ash in a down fired utility 
boiler.  In comparison, milling coal to a pulverised fuel specification was found to 
alter the surface chemistry, reducing reactive carbon-oxygen bonding on the surface 
leading to correspondingly lower burnouts with smaller particle sizes for some coal 
types; however, there was a limit to the benefit of this before effects due to 
increasing particle size such as reduced surface area, porosity and mass diffusion 
became more dominant. 
 Coal blending with higher volatile content coal or biomass was found to improve 
overall volatile yields and burnout in the high heating rate environment of the drop 
tube furnace used to replicate the blast furnace raceway or boiler injection.  
However, oxidant availability and mixing was found to be a dominating factor in the 
larger scale systems because of the faster reaction rate of volatiles compared to 
chars. 
 The ash mineral composition of coal and biomass pose different challenges and 
opportunities for their utilisation.  The higher concentration of alkali and alkali earth 
metals in the biomass ash can form low melting point oxides, as measured by the ash 
flow index, which contribute to slagging and fouling.  In comparison, new research 
into the mineral content of the ash and its distribution through coal ash samples 
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identified phase changes as mullite and illite showing correlation with burnout, 
suggesting a potential catalytic role related to burnout.  
 Particle swelling and fragmentation effects were measured for coals of different rank 
and particle size.  The swelling effect increases the porosity of the coals reducing any 
rate limiting mass diffusion effects, but the increasing char particle size has potential 
implications on blast furnace gas permeability if there is incomplete burnout in the 
raceway.  In contrast, the fragmentation of coal associated with larger coal 
classifications will have a counterbalancing effect to the lower surface area of the 
larger particles, and also benefits from less change in the surface chemistry because 
of reduced milling. 
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9. Limitations and Future work 
 
Section 1.  Material Recovery Research in the Steelmaking Industry 
 Obtaining representative in-process samples from the dynamic and variable system 
of the BOS plant was a challenge, but no less difficult was taking samples from the 
static system of the blast furnace lagoons where material is stored in very large 
quantities.  In both locations a great deal of attention was paid to this issue, but 
because of the industrial scale at which this work was carried out, this still remains a 
potential limitation of the work.  In both cases, future work taking more samples 
over a longer period of time would increase the confidence in the research findings 
on such a large scale. 
 The zinc content of the BOS process dust was proven to be successfully reduced by a 
modified process, but further research to identify ways to optimise the process by 
identifying the limiting factors affecting the mechanisms of volatilisation and 
improving the reduction in zinc would have a positive impact on the process. 
 The sampling, preparation and analysis technique used to determine the dust and 
zinc mass flows was very time consuming.  To apply this information to the BOS 
process would require an in-process separation system which would require the 
research, development and testing of an in-line analysis technique capable of 
feedback into the process. 
 The selective extraction method for leaching zinc without leaching iron from blast 
furnace dust was based on a composite blast furnace sample, but this does not 
measure the ability of the technique to deal with sample compositions which vary 
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considerably depending on blast furnace conditions.  Future work could address this 
by testing samples of blast furnace dust produced at different times and with 
different compositions. 
 Blast furnace dust is produced under reducing conditions, whereas other 
steelmaking dusts are produced in oxidising conditions.  Further research into the 
efficacy and selectivity of the hydrometallurgical leaching research using these dusts 
would advance the understanding of the extraction mechanism. 
 
Section 2.  Utilisation of Solid Fuels for Power Generation and Ironmaking 
  It was a limitation of the co-firing work that the biomass drop tube furnace 
devolatilisation tests were carried out on Miscanthus grass, whereas the utility boiler 
work was based on woodchip alone due to a lack availability of the former for 
industrial size trials. Even though the biomass had similar volatile matter content, 
future tests should be carried out on the same feedstock.  Also, because of wet 
biomass ‘bridging’ in the feeder probe, the drop tube furnace runs were carried out 
on dry biomass which leaves a potential variable untested; very low biomass sample 
addition rates of ‘wet’ biomass might allow future comparison tests at higher 
moisture possible. 
 XPS proved a valuable technique to measure changes in the surface chemistry of 
samples before and after thermal testing in the drop tube furnace, but was limited 
to atmospheric pressures.  Further in-situ research at higher temperatures or 
pressure would add further value to this work, potentially identifying the specific 
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catalytic or combustion bonding and mechanisms associated with differences in the 
burnout and gasification. 
 Having identified the effect of size classification on particle swelling and 
fragmentation at atmospheric pressure in a high heating environment, it is possible 
that pressure increases experienced in the blast furnace raceway might be an 
important variable for future research as the diffusion of products and reactant 
gases has been shown to vary in some circumstances by other authors. 
 The steady state reaction conditions used for the experimental work and the use of 
mass loss as a measure of conversion gives a valuable relative comparison between 
samples but assumes complete consumption of the volatiles if the benefits are to be 
realised.  However, there is a diminishing availability of oxidants in the raceway, 
which could result in unconsumed volatiles capable of re-condensing into 
problematic species further up the furnace shaft. Future work could involve a non-
steady state testing regime more realistic of the raceway environment, where 
limited oxygen availability might be used to mimic this effect and measure unburnt 
products. 
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Correlation of BOS process variables with dust
mass formation and zinc content
J. Steer*1, A. Griffiths1, T. Heinrich1, A. Thomas2 and C. Barnes2
The basic oxygen steelmaking (BOS) process typically produces a dust rich in valuable iron units
and often contaminated with zinc. This paper takes a look at statistical correlation and multiple
regressions of process variables with the quantity of dust and the zinc mass contained in the dust.
A robust inline sampling system was designed and installed to isokinetically sample the primary
BOS dust slurry from a 248 m3 capacity BOS converter at Tata Steelworks Port Talbot (UK). This
system was used to measure the dust mass and composition changes against time for 12 large
scale trial heats and to compare with the process information data for a statistical evaluation of the
variables. Statistically significant Pearson linear correlations were measured for the total dust
mass produced with the iron ore and for the zinc mass contained in the dust with the addition of
waste oxide briquettes (WOBs). A multiple regression analysis model showed strong associated
correlations between the zinc mass contained in the dust with the galvanised scrap and WOB
additions and explained 73% of the zinc mass variance.
Keywords: Basic oxygen steelmaking, Dust, Zinc, Statistical, Regression
Introduction
Many thousands of tonnes of iron bearing dusts are pro-
duced per year from steelmaking, and reducing or reusing
these plays a major role in the sustainability of steel
manufacture both environmentally and economically.1,2
These dusts represent an environmental disposal liability,
as they are usually classified as hazardous waste because
of heavy metal constituent compounds and are often
stockpiled.3,4
The quantity and composition of dusts produced
during the basic oxygen steelmaking (BOS) process vary
considerably and are generally contaminated with zinc,
either from the raw materials used or particularly from
the process of recycling zinc galvanised scrap during
manufacturing.5–7 However, the environmental burden
of disposal and the high levels of iron contained in the
dusts are significant drivers in reducing the quantities
produced and the level of zinc contamination.
This paper discusses the results from 12 full scale BOS
trial heats, conducted at Tata Steelworks Port Talbot
(UK). A bespoke isokinetic sampling method was
developed and installed to determine the mass flow of
primary BOS dust produced during each heat. Samples
were also taken at regular intervals to characterise the
composition of the dust and therefore calculate the mass
flow of the zinc liberated during each heat.
It is very difficult task to sample and measure BOS
dust robustly on such a large scale and in such a
dynamic environment. This work represents an impor-
tant opportunity to look at dust mass and dust
composition profiles so accurately. From the results,
the variables understood to affect the BOS dust have
been examined statistically to quantify their significance
on the dust mass and the zinc mass produced.
Methodology
The primary dust, collected by the off gas system of the
BOS converter, is liberated at very high rates during the
blow part of each heat and is extremely challenging to
measure. The dust is collected as slurry from the BOS off
gas using venturi water scrubbers and transported to
clarifier settling tanks via large pipes where the slurry
sampling point was located.
The manufacture of steel in the BOS plant is
extremely dynamic, as the manufacturing variables
change in response to parameters such as the scrap
charge, raw materials, hot metal composition and the
final specification of the steel. No two heats are exactly
the same, and consequently, the quantity and composi-
tion of the dust produced also vary; for this reason, a
statistical evaluation of the parameters allows a more
quantitative scientific evaluation of the variables.
Trial conditions
This paper evaluates the effect of BOS variables on the
dust mass produced and its composition, but it is not an
evaluation of the statistical variation of the BOS process
itself. The results come from a series of different trials to
reduce the zinc content of the primary dust,8 to
investigate the use of waste oxide briquettes (WOBs)
and also to measure the dust mass during normal
operating conditions. Consequently, the results were
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derived from a wide range of processing conditions,
some of which would not occur during normal proces-
sing but provide a unique and useful examination of the
limits of variation:
(i) standard control heats (62): incorporating a
20 t charge of galvanised scrap; normal proces-
sing conditions
(ii) low galvanised scrap input heats (62): zero
galvanised scrap charge; normal processing
conditions
(iii) galvanised scrap hold heats (62): a 20 t charge
of galvanised scrap with up to 15 min scrap
hold time
(iv) waste oxide briquette investigation heats (66):
high and low WOB charges.
Sampling and analysis
In order to obtain inline data of the variation in primary
dust, a sampling system was installed to sample the
slurry isokinetically. Figure 1 shows the location of the
pipe carrying the BOS dust slurry, at flowrates up to
15 000 L min21.9 Samples (10 L) were taken at regular
intervals, every 2 min outside the blow and every minute
during the blow, while flow measurements were taken
1 Sampling location of primary dust extraction system
2 Relative dust mass ﬂow proﬁle
3 Relative dust mass ﬂow proﬁle illustrating dust peaks
throughout heat
Table 1 List of independent variables*
Dust mass/t Total dust mass measured for duration of heat
Relative dust mass/% Dust mass as a percentage of the maximum rate measured
Duration of heat/min Tap to tap duration and includes delays
Duration of blow/min Duration from the start to finish of the oxygen injection
Scrap total/t Total addition of scrap minus the galvanised scrap charge
Additions total/t Includes additions of fluxes
Hot metal charge/t Molten iron charge
WOB charge/t WOB additions
Iron ore charge/t Iron ore added to regulate temperature
Total converter mass/t Total mass in the converter after all additions
Oxygen addition/Nm3 Total quantity of oxygen added to converter
Lance height/m Height of lance
Dust during blow/t Dust produced during the oxygen blow period only
Dust outside blow/t Dust produced before and after the oxygen blow period
Zinc mass/kg Zinc mass liberated in the primary dust
Relative zinc mass/% Zinc mass as a percentage of the maximum rate measured
Galvanised scrap charge/t Total galvanised scrap charge to converter
Carbon content/t Carbon mass in hot metal charge
Temperature/uC Final converter temperature
Silicon/t Silicon mass in hot metal charge
Manganese/t Manganese mass in hot metal charge
Phosphorous/t Phosphorous mass in hot metal charge
Sulphur/t Sulphur mass in hot metal charge
Titanium/t Titanium mass in hot metal charge
*The study also included more specific variables not included in this paper such as dolomet, dolaflux, lime, WOB iron content, WOB
calcium content and liquid height in converter.
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every second using a Marsh-McBirney Flo-Dar open
channel flowmeter.
Samples were analysed for solid content to determine
the mass flow of the slurry using the flow measurements,
and the metal concentration was determined using a
Perkin Elmer Optima 2100DV inductively coupled
plasma spectrometer. The PASW Statistics 18 package
was used for the regression analyses.
Results and discussion
Dust formation
European ‘best available technique’ figures for the
quantity of dust generated from a BOS converter range
from 15 to 20 kg t21 of liquid steel.10 Dust formation in
a BOS converter has been studied by various research-
ers, and the dominant mechanisms are the ejection of
fine metal and slag droplets caused by bursting CO
bubbles of the film in the melt, vapourisation and
spitting of material and entrainment of fines during top
charging material additions.5,11–14
As expected, it is clear from the literature that there
are many variables that affect the quantity of dust
produced during a steelmaking heat. The dust mass
profiles of heats vary significantly, as shown in the
following examples, which are plotted as relative
quantities of the maximum dust mass rate recorded for
all the trial heats. The heat duration varied depending
on factors such as material and equipment availability,
product specification and manufacturing constraints or
pressures. Consequently, for this study, a heat was
defined as the period between tapping the converter
from the previous heat and tapping of the trial heat. As
a result, the x axis figures were normalised to the oxygen
blow start at 0 min to allow direct comparisons of each
heat. Note that there was a delay between the blow start
and the first sample measured at the sampling point
corresponding to the time taken for the dust to arrive at
the sampling point; this residence time varied between 3
and 4 min depending on the slurry flowrate, which
varies itself, depending on the off gas flowrate.
Figure 2 shows the relative dust mass flow profile of a
more regular heat, where the rate of dust mass generated
showed an initial peak when the blow starts followed by
a steady decrease in the dust generation rate until the
blow ends after ,20 min. Gritzan et al. suggested that
decreasing carbon content in the melt, and the forma-
tion of a filtering slag, means less metal droplets are
ejected, and therefore, less dust is produced over
blowing time.11
During the trials, large dust mass peaks were also
measured and observed during and after the blow period
as shown in Fig. 3. The magnitude and frequency of
these peaks, in particular the relation with the zinc mass,
are compared statistically to help understand their
relationship with the variables.
Statistical correlations of variables with dust
mass and zinc mass
The variables correlated with the dust mass produced
during different heat conditions are shown in Table 1.
To evaluate the dependence of dust mass on different
variables, the Pearson product moment correlation
coefficient was used as a measure of the linear
dependence between two factors. The correlation R
value ranges betweenz1 and 21; the former indicates a
perfect linear correlation where the increase in a variable
X leads to an increase in variable Y, while the latter
indicates a perfect linear correlation where the increase
in a variable X leads to a decrease in the variable Y. A
value of 0 indicates no correlation between the two
variables. The p value is the probability value; if this
value is less than the significance level quoted, 0?05 or
0?01, then the null hypothesis can be rejected and the R
value is significant and a correlation in the variables is
statistically likely.
Dust mass
The dust mass profiles of the BOS heats during the trials
all show peak mass flows during the initial oxygen blow
Table 2 List of variables with no signiﬁcant correlation
with dust mass
Variables R value p value
Duration of heat/min 0.455 0.137
Duration of blow/min 0.009 0.977
Additions total/t 0.271 0.394
Hot metal charge/t 0.121 0.707
WOB charge/t 20.327 0.300
Total converter mass/t 0.221 0.468
Oxygen addition/Nm3 20.542 0.069
Lance height/m 0.488 0.108
Scrap additions/t 20.567 0.054
Galvanised scrap charge/t 20.233 0.467
Carbon content/t 0.215 0.502
Temperature/uC 20.112 0.744
Silicon/t 20.318 0.314
Manganese/t 0.166 0.606
Phosphorous/t 20.561 0.058
Sulphur/t 20.298 0.346
Titanium/t 20.242 0.448
Table 3 Dust mass correlation with iron ore additions
Variables R value p value Significance level
Iron ore additions 0.789 0.002 0.01
4 Dust mass correlation plots of iron ore additions
Table 4 Dust mass (outside blow) correlation with iron
ore additions
Variables R value p value Significance level
Iron ore additions 0.868 0.000 0.01
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period, as shown in the selected examples in Figs. 2 and
3 and the blow times were between 17 and 20 min.
Correlations with the dust mass produced during
steelmaking were examined with all of the variables
listed in Table 1. Each of the independent variables was
correlated with the dependent dust mass variable and
also plotted as a scatter plot to establish linear or non-
linear relationships. The null hypothesis, that there is no
linear correlation between the dust mass and the
variable, could not be rejected for those which were
not significant at the 0?05 or 0?01 levels, as listed in
Table 2.
Although the independent variables listed in Table 2
may not be significant enough to reject the null
hypothesis, they could still play a role in the dust mass
formation. It is possible that there were insufficient heats
to obtain a statistically significant sample of the profiles
of dust produced. The Pearson correlations identify
significant linear relationships, and it must be noted that
weaker ones, or additive/synergistic effects between
variables, may not be picked up by this term.
However, a significant linear correlation was identi-
fied between the dust mass produced and iron ore
additions. The ore additions were used to regulate the
temperature during steelmaking and showed a strong
positive correlation factor of 0?789 at a significance level
of 99%, as shown in Table 3 and in the scatter plot of
Fig. 4.
The strong correlation for iron ore additions was
examined more closely outside of the blow, and the
5 Dust mass (outside blow) correlation plots with iron
ore additions
6 Relative dust mass proﬁles of two heats incorporating
multiple ore additions
Table 5 Timings of iron ore additions relative to blow start
Blow
duration
/min
Ore
additions/t
Ore addition time
relative to blow
start/min
Significant peak
times relative to
blow start/min Process observations
Heat 1 18 4.5 z2 z2 Build-up on converter skirt and some falling debris
5.8 z17 z11
2.1 z19 z23
Heat 2 19 4.7 z3 z3 Blow interrupted after 2 min then restarted after 8 min
4.3 z16 z14
2.3 z19 z25
7 Relative dust mass proﬁles for heats incorporating
multiple WOB additions
8 Comparison of dust mass and iron mass proﬁles of
heat 1
Table 6 Zinc mass correlation with WOB additions
Variables R value p value Significance level
WOB additions 0.697 0.012 0.05
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results, in Table 4 and in Fig. 5, showed an even
stronger correlation factor of 0?868 during this
period, significant at 99%. The results suggest that
there is a correlation between ore additions and dust
liberation, particularly strongly with additions outside
the blow.
Ore additions are usually added with the slag formers
at the initial blow stage, but some had multiple ore
additions during the heat. Dust mass profiles of two of
these heats are shown in Fig. 6 and show a more erratic
variation compared to more ‘typical’ profiles such as
Fig. 2. It should be noted that many of the dust mass
peaks were liberated outside the initial blow period when
the largest dust mass spikes normally occur.
The relationship between times of the ore additions
and the relative dust mass peaks is shown in Table 5. It
should be remembered that there is a residence time of
y3 min before the dust was measured at the sampling
point. Some of the peaks correspond with the ore
addition times, while others are syncopated. It is a
possibility that because of significant dust masses,
measured during the trials, dust build-up occurred and
was periodically dislodged by the pneumatic dust
removal system.
It is interesting to compare the dust mass profiles for
the heats with ore additions (no WOB additions), shown
in Fig. 6, with those for heats with WOB additions (no
ore additions), shown in Fig. 7. The profiles including
ore additions have dust mass spikes throughout the
process, whereas the profiles including WOB additions
have the more ‘typical’ BOS dust mass profile with an
initial spike followed by a gradual decline. These results
might suggest that the iron ore pellets are more prone to
breaking up and contributing to additional dust.
Profiles for the dust mass, and the iron mass
contained in the dust, were plotted for comparison in
Fig. 8. The iron contained in the dust corresponds very
well with the dust mass peaks, suggesting that the effect
was due to the ore additions and not any debris from
previous heats. The initial dust mass peak composition
consists of the initial additions of slag formers top
charged to the converter.
Zinc mass
Zinc is very important to the options available for
recycling dust through the ironmaking or steelmaking
processes. The two main sources of zinc input into the
BOS process during the trials were the zinc galvanised
scrap charge and the WOBs.
The zinc content of the WOBs was measured between
2?5 and 3 mass-%; however, the zinc content of the gal-
vanised scrap is more difficult to quantify because of the
various coating specifications used in the recycled scrap
charge. Common hot dip galvanised steel sheets have zinc
coatings within the range of 90–1200 g m22, giving zinc
concentrations potentially as high as 4 mass-%.15 Data
from a previous internal scrap sampling study suggest
that the zinc content of galvanised steel scrap was
expected to be in the region of 2?39 mass-%.16 Because
of this, the strength of the correlations with the galvanised
zinc scrap may show variation.
The WOB additions in Table 6 and Fig. 9 showed a
strong positive correlation of 0?697 with the zinc mass
contained in the dust, which was significant at the 99%
level.
However, although the galvanised scrap is a signifi-
cant source of zinc input, the R value correlation of
0?414, shown in Table 7 and Fig. 10, was weaker and
,95% significant compared to the WOBs.
Zinc is present in different forms in the galvanised
scrap and in the WOBs. In galvanised scrap, it is
present as elemental zinc and zinc–iron alloys, and a
typical hot dip galvanised coating can consist of five
different zinc–iron alloy layers.17 In WOBs, the zinc is
present as particulate oxide compounds, such as zinc
oxide and zinc ferrite, bound together as a solid
briquette lump.
Temperature and the CO2/CO concentration ratio of
the gas determine the oxidisation behaviour of zinc in
the BOS converter,18 and it is worth noting that
galvanised zinc scrap is added to the converter before
the hot metal. Its route from volatilisation to capture as
dust is very different to the WOBs, which are added
during the blow when the physical and chemical
9 Zinc mass correlation plots with WOB additions
Table 7 Zinc mass correlation with galvanised scrap
Variables R value p value Significance level
Galvanised scrap
addition
0.414 0.181 n/s
10 Zinc mass correlation plots with galvanised scrap
Table 8 Zinc mass linear regression model summary
Predictor variables Dependent variables R value R2
WOB additions/t Zinc mass/kg 0.853 0.728
Galvanised scrap/t
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environments are aggressively dynamic. It is also
possible that zinc losses may have occurred, which were
not captured in the measured primary dust, due to the
point at which the zinc is liberated from the galvanised
scrap in the process.8
To investigate the combined effect of galvanised scrap
and WOB charge, a multiple linear regression was
evaluated. The R value of 0?853 for the zinc mass linear
regression model, shown in Table 8, suggests a strong
correlation between the predictor variables and the zinc
mass contained in the BOS dust. The R2 value tells us
that 73% of the variance of dust mass could be predicted
by the combination of the two variables chosen for the
model.
The results in Table 9 compare the associated
relationship of the predictor variables to the dependent
variable, the zinc mass contained in the BOS dust. The
significance values for the two predictor values suggest
that both were statistically reliable as both were ,0?05
(.95%). The result suggests that for every tonne of
galvanised scrap in the initial charge, there was a
corresponding increase in zinc mass in the BOS dust of
12?3 kg (1?2 mass-%). In comparison, there was a much
higher increase of 35?0 kg (3?5 mass-%) zinc for each
tonne of WOB added.
A closer investigation of the effect of WOBs on the
dust mass profile and the zinc mass profile was carried
out to establish if they were linked. The relative
correlations of the dust mass peaks and the zinc mass
peaks are compared in Figs. 7 and 11 respectively. The
relative dust mass of the two heats both show regular
profiles associated with normal BOS processing, with a
single sharp initial peak followed by a gradual decline.
In contrast, the profiles of the zinc mass contained in
the dust were much more irregular with multiple peaks.
This suggests that the additional zinc mass, which
correlated with the WOB additions, was not caused by
the additional dust mass.
Closer examination of correlations with the WOB
additions, shown in Table 10, details the WOB quantity,
process addition times and peak times. Unlike the iron
ore additions, which correlated with the dust mass
produced, the WOB additions show no such correlation.
However, the significant correlation with zinc mass
contained in the dust, as discussed previously, also
shows a relationship between the addition times and the
peak times (when accounting for the residence time at
the sampling point of y3 min.
Conclusions
The experimental work carried out and presented in this
paper compares the effect of variables over a range of
different BOS conditions. It involved robust isokinetic
sampling and detailed measurement of the dust mass
produced and the dust composition over the entire heats
of 12 large scale manufacturing trials. The following
conclusions have been drawn from the findings.
In terms of the total dust mass produced during heats,
and with the dust mass produced outside the blow
period, the most significant positive linear correlation
was measured for additions of iron ore. In comparison,
similar quantities of WOB additions added in a similar
way through the blow did not show the same dust mass
correlation or peak mass flows. It is not clear from this
study why the iron ore differs so significantly from the
WOBs. It is possible that the ore alters the slag
composition and increases foaming and dust release or
that the smaller ore pellets were retained more easily in
the slag phase compared to larger WOB briquettes, or
alternatively, that the ore picked up moisture contam-
ination during stock handling leading to steam explosion
during the rapid heating associated with material
charging.
Although no correlation was measured for the WOB
additions with the dust mass, a strong linear correlation
Table 9 Zinc mass linear regression coefﬁcients and signiﬁcance results
Predictor variables Dependent variables Regression coefficients Significance
WOB additions/t Zinc mass/kg 35.0 0.002
Galvanised scrap/t 12.3 0.020
11 Relative zinc mass proﬁles for heats incorporating
multiple WOB additions
Table 10 Timings of WOB additions relative to blow start
Blow duration/minWOB addition/tAddition time relative to blow start/minSignificant peak times relative to blow start/min
Heat 119 3.0 z2 z4
2.2 z4 z7
5.3 z19 z22
Heat 218 6.0 z2 z4 to 10
3.9 z17 z20
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was measured with the zinc mass contained in the dust.
This correlation also agreed with peaks observed in the
zinc mass profile that corresponded well with the
addition times. No linear correlation was found with
the galvanised scrap charge, but regression analysis
showed a strong associated correlation between the zinc
mass and the galvanised scrap and WOB additions, and
73% of the zinc mass variance could be predicted by the
combination of those two variables chosen for the
model.
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Characterisation of BOS steelmaking dust and
techniques for reducing zinc contamination
J. Steer*1, C. Grainger2, A. Griffiths1, M. Griffiths1, T. Heinrich1 and A. Hopkins1
The basic oxygen steelmaking (BOS) process generates a significant amount of iron bearing
dusts, and the recovery of these affects the economics and sustainability of the process.
However, zinc contamination of the dust restricts how much can be recovered through the
process. An inline sampling system was used to isokinetically sample primary BOS dust from the
slurry pipe of a 248 m3 capacity BOS converter at Tata Steelworks Port Talbot (UK). The process
was benchmarked with low galvanised scrap trials and control trials before investigating a new in-
process zinc separation technique. This trial involved holding galvanised scrap in a hot converter
purged with nitrogen, to volatilise the zinc from the primary dust system for capture in the
secondary dust system, before the blow. Using this technique, the zinc contamination of the
primary BOS dust was reduced by up to 52% of the initial zinc mass contained in the galvanised
scrap charge.
Keywords: Basic oxygen steelmaking, Dust, Zinc, Scrap, Volatilisation
Introduction
Many thousands of tonnes of iron bearing dusts are
produced each year from steelmaking plants, and
reusing these is a valuable way of recovering ‘lost’ iron
and improving yield; this plays a major role in the
sustainability of steel manufacture both environmentally
and economically.1,2 These dusts represent an environ-
mental liability if they are not recycled, as they are
usually classified as hazardous waste because of heavy
metal constituent compounds.3,4
Dusts produced during the basic oxygen steelmaking
(BOS) process are generally contaminated with zinc,
either from the raw materials used or particularly from
the process of recycling zinc galvanised scrap during
manufacturing.5–7 Zinc is not easily removed from BOS
dust, and typically, the levels are too low for economical
recovery by external processors such as smelters.
However, high levels of iron and the environmental
burden of disposal are a worthwhile reason for dust
recovery through the iron or steelmaking processes.
Basic oxygen steelmaking dust can be recycled
through the steelmaking process by the manufacture
and incorporation of waste oxide briquettes (WOBs)
made from the waste dusts. Alternatively, they can also
be recycled through the blast furnace route via the sinter
plant. However, zinc contamination in the blast furnace
can lead to operational issues such as accretions and
wear of the refractory lining, so it is limited to
0?3 kg Zn tonne21 of hot metal.8–11 Unfortunately, large
quantities of the dust are often stockpiled. Iron can be
recovered, and zinc contamination can be removed, in
BOS dusts using pyrometallurgical and hydrometallurgi-
cal techniques; however, there is an energy, material and
process cost associated with these methods.4
This work involved full scale manufacturing testing in
a 248 m3 capacity BOS converter, with the aim of
investigating if zinc contamination in the BOS dust
could be reduced by holding galvanised scrap in a hot
BOS converter before the blow.
This paper assesses the impact of charging different
amounts of galvanised scrap, characterises the zinc
contamination of BOS dust and analyses the impact of
the different scrap charges by measuring the mass and
concentration of the zinc in the BOS dust extraction
systems.
Methodology
Zinc metal has a boiling point of 907uC, and laboratory
studies showed that it can be completely volatilised from
a galvanised metal surface when heated in an inert
atmosphere at 900uC for 15 min.12,13
To investigate this at an industrial scale, galvanised
scrap was held in the hot converter for up to 15 min
before the addition of the molten iron. The temperature
in the converter was not measured on a continuous
basis, but typical spot measurements post-tapping are in
the region of 1600uC, and temperatures above 1000uC
are recorded for up to 2 h post-tapping.14
To potentially increase the rate of vaporisation, the
bath agitation system (BAP), which is used to purge
nitrogen through the bottom of the converter to
facilitate mixing, was increased to enhance the diffusion
of zinc from the liquid and to prevent oxidation of the
zinc in the converter.15 For the low zinc and control
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trials, a total flow of 515 Nm3 h21 was used, whereas for
the hold trials, where the maximum volatilisation was
required, the BAP was increased to 1600 Nm3 h21
during the hold period.
At Tata Steelworks Port Talbot (UK), there are two
main dust extraction systems on the BOS converters: a
primary wet system that collects the dust from the offgas
using venturi water scrubbers, and a secondary dry
system using filter bags, which collects dust from the
area around the converters and the roof space in the
BOS building.
By tilting the converter during the scrap holding stage,
towards the secondary dust extraction system, the aim
was to divert volatilised zinc away from the primary dust
system for collection in the secondary system. This
project was initiated during a period of reduced
production when there was sufficient time in the
production schedule to accommodate a scrap holding
period.
Trial conditions
The following specific production trial heats were
arranged to investigate typical baseline steelmaking
conditions and low galvanised scrap conditions and to
maximise the effect of a galvanised scrap hold:
(i) control heats (62) (20 t charge of galvanised
scrap; no scrap hold; BAP purge levels
y515 Nm3 h21; secondary dust fans at ,50%
of maximum)
(ii) low zinc heats (63) (no galvanised scrap charge;
no scrap hold; BAP purge levels ,515 Nm3 h21;
secondary dust fans at ,50% of maximum)
(iii) galvanised scrap hold heats (62) (20 t charge of
galvanised scrap; up to 15 min scrap hold time;
BAP purge levels ,1600 Nm3 h21; converter
tilting and rocking; secondary dust fans ,90%
maximum; primary dust fans reduced during
hold).
Sampling and analysis
The primary dust extraction from the BOS offgas system
uses a wet scrubber system that collects the dust as a
slurry first in seal tanks and then transferred to clarifiers
for settlement and dewatering before filter pressing.
In order to obtain inline data of the variation in
primary dust, a sampling system was installed to sample
the slurry isokinetically. Figure 1 shows the location of
the pipe carrying the BOS dust slurry at flowrates up to
15 000 L min21.16 Samples (10 L) were taken at regular
intervals, every 2 min outside the blow and every minute
during the blow, while flow measurements were taken
every second using a Marsh McBurney Flo-dar open
channel flowmeter. The secondary dust samples were dip
sampled from a holding silo.
Samples were analysed for solids content, particle size
and sieve classification to determine the particle size and
zinc mass distribution. The metal concentration and
chemical composition were determined using a Perkin
Elmer Optima 2100DV inductively coupled plasma
spectrometer and a Philips 3830 PW X-ray diffract-
ometer (XRD) respectively, and selected samples were
analysed using a scanning electron microscope (SEM).
Results and discussion
Dust formation
European ‘best available technique’ figures for the
quantity of dust generated from a BOS converter range
from 15 to 20 kg t21 of liquid steel.17 Dust formation in
a BOS converter has been studied by various research-
ers, and the dominant mechanisms are the ejection of
fine metal and slag droplets caused by bursting CO
bubbles in the melt, vaporisation and spitting of
material, and entrainment of fines during top charging
material additions.5,15,18–20
Figure 2 shows a ‘typical’ rate of dust extracted by the
primary extraction system (g L21) against time. These
figures were normalised to the oxygen blow start at
0 min. The BAP nitrogen flowrate during the scrap
addition was 515 Nm3 h21, which is around one-third of
its maximum. A time lag was measured between blow
start and the rapid increase in dust levels, which
corresponds to the residence time for the dust to reach
the sampling point, between 3 and 4 min, depending on
the dust slurry flowrate. An initial high dust mass peak
occurred at the start of the blow followed by a steady
decrease in the dust generation rate until the blow end
after ,20 min. Occasional dust peaks were measured
after the blow due to top charging of slag formers and
1 Sampling location of primary dust extraction system
2 Basic oxygen steelmaking dust generation during con-
trol heat 1
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coolants. Decreasing carbon content in the melt, and the
formation of a filtering slag, means that less metal
droplets are ejected and therefore less dust is produced
over blowing time.18
Zinc compounds found in BOS dusts
Because of the high vapour pressure of zinc at
steelmaking temperatures, typically ,1600uC, the sui-
table thermodynamics for dissolution, and the high
production rate of process gas, zinc effectively
vapourises out of the melt.21 The majority of zinc
contained in the scrap is liberated out of the molten
metal, leaving final zinc levels in steel and slag,50 ppm.
After zinc volatilises from the converter, the zinc
vapour gets transported away in the offgas system.
Temperature and the CO2/CO concentration ratio of the
gas determine the oxidisation behaviour of zinc.21 The
average measured BOS gas was 14%CO2 and 65%CO.
Owing to the closed hood offgas system, the ratio
changed only marginally during a blow, shifting from
25%CO2 and 55%CO at the beginning of the blow to
12%CO2 and 75%CO at the end. The slightly higher
oxidisation potential of the gas at the later stages of the
blow has only a marginal impact on the oxidisation
behaviour. At the gas ratios in this order of magnitude,
zinc vapour is oxidised readily in the temperature range
of 400–600uC; however, oxidisation is suppressed at
higher temperatures, which affects what type of zinc
compounds are formed.21
During the blow, the temperature of the offgas in the
turnover section, before the wet scrubber, typically
ranges from 800 to 1100uC. Therefore, at the gas CO2/
CO ratios experienced, oxidisation is expected to be
suppressed, causing zinc to stay in its vapour phase
longer; consequently, the zinc will have increased
opportunity to react with iron to form zinc ferrite
(ZnFe2O4) instead of zinc oxide (ZnO).
Zinc can be extracted from ZnO using hydrometal-
lurgical extraction under relatively mild acid or alkaline
conditions. However, ZnFe2O4 is very stable and
insoluble in most acidic, alkaline and chelating media
under mild conditions, and so, it is difficult to recover by
hydrometallurgical processes. The more aggressive
conditions required to extract zinc from the ferrite often
increases the extraction of iron as well and reduces the
benefits of the recovery process.22
Figure 3 shows the variation in mean particle size
diameters against the blow time for the primary dust of
control heat 1. The two lines show that D(v,0?5) and
D(v,0?9) correspond to 50 and 90% of sample volume,
which is below the quoted mean particle size diameter.
For the periods before and after the blow, the samples
had a much higher mean particle size diameter, up to
567 and 279 mm respectively. However, during the blow
period, when particle collisions are increased by the high
velocity injection ‘blowing’ of oxygen, 90% of the dust
particles had a measured mean particle size diameter of
,36 mm.
Further investigation using an SEM is shown in Fig. 4
for the periods before, during and after the blow. The
sample was also classified into different particle sizes by
wet sieving, and the average zinc contents for each range
are shown in Table 1.
Figure 4a shows the fine particles formed during the
blow period, which are often submicrometre and form
agglomerates, typically below 63 mm; they make up to
72?5 mass-% and are mainly iron. The particles are
produced over the complete blowing period, but
production rate decreases with time. When analysed
more closely using energy dispersive X-ray spectroscopy
(EDAX), the SEM images of this range indicate a
broadly uniform distribution of zinc through the sample;
this makes it more difficult to separate the zinc from the
dust mixture.
The results shown in Table 1 indicate that during a
‘typical’ heat, the highest average zinc content of 6?7%
was associated with these fine particles. Similar findings
were observed after sieving other trial heats. Zinc levels
up to 15% were measured for some ‘spot’ samples in the
first half of the blow, before the zinc levels decrease
during the second half. The higher temperatures, and the
CO2/CO offgas ratio during the blow, may facilitate the
formation of zinc ferrites in these dusts, thus making
these compounds more difficult to treat.
3 Particle size distribution during control heat 1
a Fine particles formed during blow period; b Spherical particles formed outside blow period; c Angular particles formed
during initial blow period
4 Images (SEM) of most distinctive dust particles
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The image in Fig. 4b shows spherical particles
produced after hot metal charging, and outside of the
blow period as ‘carry over’ material, EDAX analyses of
these show that they are predominately composed of
iron. They are typically in the region of 63–106 mm and
account for 6?5% of the dust mass. It should be easier to
separate the zinc compounds attached to these iron
spheres compared to those shown in Fig. 4a, because
they are more discreet particles.
Figure 4c shows the angular shaped particles pre-
dominantly found at the beginning of the blow. They
account for a 21% share of the dust mass between 107
and 850 mm and typically consist of top charged
material like dolomite and lime (Ca) or remains of the
desulphurisation slag (S, Na and K). The EDAX results
indicate that zinc rich compounds are attached to the
surface. As with Fig. 4b, the discreet zinc compounds
should be more amenable to separation techniques such
as hydrocyclone and hydrometallurgy.
The two most commonly identified zinc phases in steel
and iron making dusts are zincite (ZnO) and zinc ferrite
(ZnFe2O4), plus the possibility of complex ferrites such
as (ZnMnFe)2O4.
23–25 However, in the composite
sample from control heat 1, only zincite (ZnO) was
identified by the XRD, but the limit of detectability of
some crystalline phases can be up to 5% depending on
the strength of their response. It is well understood that
minor amounts of certain crystalline phases can
disappear in the background.26
Zinc mass variation during different
steelmaking process conditions
The concentration of zinc contained in galvanised scrap
varies for different coating methods and specifications,
depending on the industrial application for the product.
Zinc in galvanised scrap is present as pure zinc and zinc–
iron alloys. A typical hot dip galvanised coating consists
of five different zinc–iron alloy layers.27 Common hot
dip galvanised steel sheets have zinc coatings within the
range of 90–1200 g m22, giving zinc concentrations as
high as 4 mass-%.13 Data from a scrap sampling study
suggest that the zinc content of galvanised steel scrap
can be expected to be in the region of 2?39%.11 Based on
the 20 t galvanised scrap charge used during the control
and hold trials, this would equate to 478 kg zinc per
heat.
Low zinc galvanised scrap trial
First, three low zinc scrap trials were run to measure any
zinc contamination that might ‘bleed’ through the offgas
system and also to measure any zinc contamination that
might be present in the ‘non-zinc’ scrap charge. Previous
studies have shown how difficult it can be to segregate
zinc contaminated scrap, but the profiles shown in Fig. 5
for the three trials showed very low levels of zinc,
,30 kg in total in the primary BOS dust.
Control trial
Figure 6 shows the profile of the zinc mass collected in
the primary BOS dust during the two control trials when
‘typical’ process conditions and scrap materials were
used. The total zinc mass collected in the dust during the
trials was 426 and 623 kg respectively. The control trial
2 had a higher zinc mass than trial 1; this was expected
due to the addition of zinc containing WOBs during the
latter stages of control trial 2.
During control trial 1, the primary dust system
collected 426 kg and the secondary system collected
20 kg during the trial heat. The total zinc mass output of
446 kg is consistent with the estimated zinc input for
20 t of galvanised scrap of 478 kg and indicates a close
correlation with that of the input. The second control
trial showed an increased zinc mass due to the addition
of 5?9 t of WOBs. Zinc content of the WOBs was 3 mass-
%, therefore contributing an additional 177 kg of zinc.
The primary dust system collected 603 kg and the
secondary system collected 20 kg during the trial heat.
The total zinc mass output of 623 kg was also consistent
with the estimated zinc input, indicating that the dust
collection system captured the expected zinc mass.
Table 1 Zinc content of BOS dust composite control trial sample classiﬁed by wet sieving
Particle size range classification
,20 mm 20–45 mm 45–63 mm 63–106 mm 107–850 mm
Mass/% 67.4 3.9 1.2 6.5 21.0
Zinc/% 6.7 2.0 0.6 0.9 0.7
5 Zinc contamination in primary dust low zinc heats 1–3
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Galvanised scrap hold trial
In Fig. 7, the profile of zinc mass collected in the
primary BOS dust was much lower than the control
heats, and the total zinc measured for the two trials was
234 and 206 kg respectively for scrap hold times of 11
and 15 min. Compared to the approximate theoretical
mass of zinc calculated for 20 t of galvanised scrap of
478 kg, the hold trials show a very large reduction.
The zinc mass flows shown for hold heats 1 and 2 had
the same zinc input as control trial 1; however, the
masses of 234 and 206 kg collected were much lower
than the 426 kg during control trial 1. Thus, the residual
heat of the converter, scrap holding, tilting of the
converter, and increasing secondary extraction fans
diverted 52% of the zinc contained in the scrap away
from the primary BOS dust.
However, zinc capture in the secondary dust silo was not
successfully measured, potentially because the hold trials
were carried out during double converter operation when
the secondary dust from both converters was collected in
the same silo. Additionally, the secondary dry dust
collection system had a measured residence time of
45 min for the dust to travel through the filter bag system
before collection in the silo, making it very difficult to
correlate changes in zinc contents with changes in the
process. Furthermore, it was not possible to arrange an
empty holding silo at the beginning and end of the trials to
correlate accurately with the start and finish of the trial.
Conclusions
Seventy-one per cent of the BOS dust mass produced
during the control trial was zinc rich fine particles with a
size of ,45 mm. The remaining 29% of the mass was a
coarse dust made up predominately of iron spheres, with
zinc contamination of ,1%, and potentially more
suitable for recycling by the blast furnace via the sinter
plant.
Oxides of zinc formed outside of the blow period
appear to be present as more discreet particles, which are
likely to be more suitable for separation. However, those
formed during the blow appear to be more agglomer-
ated, due to the conditions of their formation in the
offgas system, and are less likely to be separated easily.
By holding the scrap for.10 min in a nitrogen purged,
hot converter, the zinc contamination of the primary BOS
dust could be reduced by up to 52% of the initial zinc
mass contained in the galvanised scrap charge.
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HydrometallurgicalThe recycling of iron bearing dusts produced during iron and steelmanufacturing processes is vital to the sustain-
ability of these processes; however, contamination of these dustswith zinc increases the difﬁculty to do this. Blast
furnace dust, collected by a wet scrubber system, was sampled and characterised to investigate the removal of
zinc to produce a treated residue with low zinc content suitable for recycling through the blast furnace.
This paper examines a leaching process for the dust using different organic carboxylic acids, to establish if they
were capable of extracting high levels of zinc and low levels of iron. Prop-2-enoic acid was found to be particu-
larly effective, extracting high levels of zinc up to 85.7% and low levels of iron, 8.5%. The paper also discusses the
mechanisms of extraction more speciﬁcally for organic carboxylic acids and found that the iron extraction was
well explained by the variation in pH and the Bronsted–Lowry theory; whereas zinc extraction was well
explained by substituent group effects and the Lewis acid/base theory.
The novel use of a non-aqueous solvent with prop-2-enoic acid, to minimise the ion solvating ability and proton
dissociation, was found to reduce the level of iron extraction from 8.5% to 0.1%without detrimental effect on zinc
extraction when leaching. A range of mineral and carboxylic acids were also tested to investigate and compare
the effect of pH and chemical structure on the leaching efﬁcacy.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Reuse and recycling plays a major role in the sustainable manufac-
ture of steel both environmentally and economically (Makkonen et al.,
2002; Offenthaler et al., 2005). Many thousands of tonnes of iron bear-
ing dusts are produced per year from blast furnace ironmaking, and
reusing these is a valuable way of recovering lost iron and improving
yield. In addition to the revenue associated with the dusts, they also
represent an environmental liability if they are not recycled, as these
dusts are usually classiﬁed as a hazardous waste because of their con-
stituent compounds such as heavy metals (Environment-agency,
2011; Nyirenda, 1991).
Dusts produced during iron and steel making are generally contam-
inated with zinc; either from the raw materials used, or particularly
from the process of recycling zinc galvanised steel during manufactur-
ing (Delhaes et al., 1993; Doronin and Svyazhin, 2012; Ma, 2008).
Typical levels of contamination are often too low for economic recovery
of zinc by external processors such as smelters. However, high levels of
iron, and the environmental liability associated with its disposal, are a
worthwhile reason for dust recovery through the iron or steelmaking
processes.44 29 20874939.
ights reserved.In the reducing atmosphere of an ironmaking blast furnace, temper-
atures can reach in excess of 2000 °C; any zinc compounds that are
present are chemically reduced to metallic zinc with a relatively low
boiling point (907 °C) for a metal. The zinc can be volatilised into the
off gas system where it can oxidise and re-condense in the cooler re-
gions of the furnace; it deposits either onto cooler surfaces or onto
dust particulates such as iron and carbon.
Zinc contamination in the blast furnace can lead to operational is-
sues such as accretions and wear of the refractory lining, and these
limit how much zinc can be present in the furnace (Besta et al., 2012;
Kryachko et al., 2005; Yang et al., 2009). Consequently, many tech-
niques have been explored to either eliminate or reduce the zinc con-
tamination so that greater amounts of dusts can be recovered more
easily (Callenfels and Je, 2004; Das et al., 2007; Duan et al., 2012;
Heard et al., 2002; Kurunov, 2012; Ma, 2008; Oda et al., 2006). A suc-
cessful method of removing zinc from the blast furnace dust slurry
would allowmore dust to be recycled through the blast furnace; poten-
tially allowing the recovery of iron units from other zinc contaminated
dust sources, such as those generated by basic oxygen steelmaking
(BOS).
In the blast furnace area threemain types of process dusts are usually
collected: A dry dust collected around the tapping area; a dry dust sepa-
rated from the off gas by a gravity dust catcher; and blast furnace dust
slurry collected by awet scrubber system. This paper explores the hydro-
metallurgical leaching of zinc and iron from a blast furnace dust slurry
collected from an integrated steelworks. The aim of the work was to
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Fig. 1. Particle size classiﬁcation obtained by sieving.
Table 1
Average chemical composition of blast furnace dust slurry samples (oven dried mass %).
Component Fe Ca Si Al Mg Mn C Zn
Mass %
(standard deviation)
36.2
(7.7)
5.0
(1.8)
4.6
(0.5)
1.8
(0.4)
1.0
(0.4)
0.3
(0.1)
18.5
(11.3)
0.6
(0.6)
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leach high quantities of zinc and only low quantities of iron, to produce
a residue suitable for recycling through the blast furnace.
Best available technique data for the mass of slurry produced from a
blast furnace ranges between 2 and 22.5 kg/t of hotmetal produced and
for an annual ironmaking output of 3.5 Mt this would give between
7000 and 78,750 t/a (Rainer Remus et al., 2013). For a successful
leaching process of a slurry with an iron content of 35% by mass, this
would represent between 2450 and 27,563 t/a of iron which could be
recycled through the blast furnace and add to the iron yield. This
would realise a signiﬁcant economic and sustainability saving associat-
ed with the iron; however, such a leaching process would also require
the recovery of the extracted zinc and reuse of lixiviate.
2. Acidic leaching of zinc from steelmaking dusts
A well-studied and utilised technique for the removal of zinc from
basic oxygen steelmaking dust (BOS) and electric arc furnace dust
(EAF) is hydrometallurgical leaching (Havlik et al., 2012a; Langová
et al., 2009; Leclerc et al., 2002; Oustadakis et al., 2010; Trung et al.,
2011). Leaching is often used as the ﬁrst step of a process to solubilise
metal cations in solution for subsequent separation and puriﬁcation
using techniques such as electrowinning to obtain a high quality prod-
uct in its own right. However, it can also be used as a technique to
remove the zinc from the dust so that the dust can be reused directly
in the ironmaking process.
This technique has been applied to blast furnace dust (BF) by Havlik
et al., who investigated the use of 1 mol/L sulphuric acid and measured
up to 80% extraction of zinc at ambient temperature, with ‘relatively
low’ amounts of leached iron (Havlik et al., 2012b). Veres et al. usedmi-
crowaves and 1 mol/L sulphuric acid to leach zinc; 5 min at 160 Wwas
used to obtain 86% zinc extraction with only 4% iron extraction (Vereš
et al., 2011).
Acidic leaching of BF dust with hydrochloric acid was carried out by
Van Herck et al. who obtained 78% zinc extraction with concentrated
hydrochloric acid. However, by changing the reduction/oxidation
(redox) potential using the salt FeCl3, they obtained up to 98% zinc
extraction, although this resulted in 49% extraction of the iron (Van
Herck et al., 2000). Soria-Aguilar investigated the effect of oxidants
using ozone, with different acid and alkaline solutions, to obtain zinc
extractions from 5% to 80% (Soria-Aguilar et al., 2008). Huang et al.
found that sulphuric acid gave 74% extraction of the zinc when they
investigated different lixiviants such as ferric chloride and amines
(Huang et al., 2007). Asadi et al. also used 1 mol/L sulphuric acid at
ambient temperature to obtain zinc extraction around 80% with only
7% iron extraction (Asadi Zeydabadi et al., 1997).
3. Experimental
3.1. Materials
The sample used in this paper was a composite blast furnace dust
slurry sample taken from settling lagoons at a selection of 5 separate
points, in this way the composite sample included dust produced and
collected over a period of 1 month (British-standards, 2006a). These
samples were combined, mixed, and sub-sampled to give a homoge-
nous sample which was as representative of production over a month
as possible (British-standards, 2006b).
A particle size classiﬁcationwas carried out bywet sieving using ﬁve
sieves of 20 μm; 45 μm; 63 μm; 106 μm; and 850 μm. The results
shown in Fig. 1 indicate that the [d50] median value of the particle
size distribution was 14.6 μm and the [d80] was 45.2 μm.
The sample was oven dried for further analyses and the chemical
composition was determined by atomic emission spectroscopy, using
a Perkin Elmer Optima 2100DV inductively coupled plasma spectrome-
ter. Table 1 shows the average chemical composition of the blast furnacedust slurry from monthly composite samples taken from the dust
lagoons over a period of 18 months.
The sample used in this study was taken during a period of higher
than typical zinc levels. It was taken to speciﬁcally investigate methods
of treatment as recycling this dust through the ironmaking process,
without treating it to reduce the level of contamination, would be
very problematic. Although the long term average zinc content shown
in Table 1 was 0.6%, the study sample was measured at 2.25%.
The main components of the dust are the iron and carbon, both of
which are constituents of the raw material of iron ore and coke into
the blast furnace. The other components are present as contaminants
and the standard deviation shows some large variations in the composi-
tion of this material; this is a reﬂection of variations in the rawmaterial
charge and operational conditions in the blast furnace.
Closer examination of the iron and carbon content, plus the zinc con-
tamination, associated with the different particle size fraction collected
by wet sieving, is shown in Table 2. In terms of zinc, the highest levels
are associated with the ﬁne particles, whereas with carbon the highest
levels are associated with the coarse particles. In comparison, high
levels of iron are associated with ﬁne and coarse particles with lower
levels in the particle size range between 45 μm and 850 μm.
The mineralogical composition of the sample, shown in Fig. 2, was
determined using a Phillips 3830 PW X-ray diffractometer (XRD). The
three main crystalline mineral phases of iron were identiﬁed as hema-
tite, wuestite and magnetite as expected from the iron ore. Carbon,
from the coke or coal input into the blast furnace, was also identiﬁed
along with calcite from the limestone ﬂux charge which is used to
remove impurities from the iron in the furnace.
The two most commonly identiﬁed zinc phases in steel and
ironmaking dusts are zincite (ZnO) and zinc ferrite, plus the possibility
of complex ferrites such as (ZnMnFe)2O4 (Oda et al., 2006; Vereš et al.,
2011).
In the blast furnace dust slurry sample used in this study zincite
(ZnO) was the only form identiﬁed by the XRD; however, it is well
understood that minor amounts of certain crystalline phases can disap-
pear in the background (Hilber et al., 2001).
Scanning electron micrographs (SEM) of the blast furnace dust
slurry, shown in Fig. 3, were run to investigate the particle distribution,
size and composition. Since heavy elements (high atomic number)
backscatter electrons more strongly than light elements (low atomic
Table 2
Chemical composition of a wet sieved blast furnace dust slurry sample (oven dried mass %).
Particle size classiﬁcation range (%)
b20 μm 20–45 μm 45–63 μm 63–106 μm 106–850 μm N850 μm
Mass (%) 68.6 11.5 2.9 9.8 6.9 0.3
Zn (%) 3.2 0.5 0.4 0.4 0.3 0.1
Fe (%) 39.1 30.3 16.9 7.8 2.8 44.7
C (%) 21.8 43.6 67.3 80.8 85.4 n/a
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large particles less than 400 μmwhich were dark; and lighter coloured
smaller particles and agglomerated groups of light coloured small
particles.
The larger, lower atomic number particles are consistent with the
results in Table 2 which showed that particles between 63 μm and
850 μm were predominately carbon, representing 16.7% of the total
samplemass. The smaller particles appear to agglomerate during drying
for SEM preparation of the samples, but those less than 45 μm were
brighter, which corresponds to concentrations of heavy elements such
as iron and zinc above 30%.3.2. Experimental
The leaching experiments were carried out in stoppered 250 mL
conical ﬂasks using magnetic stirrer hotplates to stir the samples. 10 g
of a sample was added to the ﬂask and 100 g of the lixiviant to give a
solid:liquid (S:L) ratio of 1:10.Where the samples were heated, a reﬂux
setup, using a water cooled Liebig condenser, was used to ensure that
any losses would be minimised. Leaching experiments were run in du-
plicate and analysis of each sample was also run in duplicate. The rela-
tive mean for the extractions at 95% conﬁdence intervals was 1.4% of
the iron extractions and 2.1% of the zinc extractions. Masses and pH
measurements were recorded at every stage of the experiments and
any evaporative losses were corrected for where required.
After leaching, the solid/liquid mixture was ﬁltered and the solid
retentate residue was dried at 60 °C until a constant weight was
obtained. The residue was then analysed using a Perkin Elmer Optima
2100DV inductively coupled plasma spectrometer after microwave
acid digestion. The aim of the experimental work was to investigate
the selective leaching of zinc from the blast furnace dust slurry so thatFig. 2. Qualitative X-ray diffraction analysthe leached dust could be recycled through the ironmaking process.
For this reason the percentage extractions of zinc and iron were calcu-
lated using Eq. (1), relative to the initial dust and recovered solid
retentate after extraction, using a mass balance method that accounted
for extraction mass losses.
Mass of zinc sampleð Þ−Mass of zinc solid retentateð Þ
Mass of zinc sampleð Þ  100 ð1Þ
Table 3 shows the different parameters used to investigate the
leaching of zinc from the blast furnace dust slurry.
4. Results and discussion
It is well proven that zinc can be extracted from blast furnace dust
slurry using acidic hydrometallurgical techniques, but it is the selectiv-
ity of the chosen acid and extraction conditions that determines if it
could be considered for development as an industrial process. In this
paper, a variety of carboxylic acids were compared to each other, and
to mineral acids, to compare the efﬁcacy and mechanism of the
extraction.
Although the main oxidation states of zinc are +1 and +2, it is the
+2 which predominates. Typical reactions of ZnO and ZnFe2O4 with
common mineral acids such as H2SO4 and HCl are expected to follow
the following acid–base reactions (Havlik et al., 2005).
ZnOþ H2SO4→ZnSO4 þH2O ð2Þ
ZnFe2O4þH2SO4→ZnSO4 þ Fe2 SO4ð Þ3 þH2O ð3Þ
ZnOþ 2 HCl→ZnCl2 þ H2O ð4Þ
ZnFe2O4þ8 HCl→ZnCl2 þ 2 FeCl3 þ 4 H2O ð5Þ
It is well documented that different acids and reaction conditions
result in variability in how much zinc is extracted, and signiﬁcant
work has been carried out examining the kinetics of these reactions.
In their study of the kinetics of dissolution of ZnO in aqueous sulphuric
acid solutions, Guśpiel and Riesenkampf highlighted the impor-
tance of mass transfer control and found that the ZnO dissolution
rate was diffusion-controlled over a wide range of acid concentrationsis of blast furnace dust slurry sample.
Fig. 3. Scanning electron micrographs of blast furnace slurry dust particles.
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1993).
In aqueous sulphuric acid, Jandova et al. found that the overall rate of
ZnO dissolution appeared to be controlled by mass transport of species
between the bulk solution and the particle surface, whereas zinc ferrite
dissolves at a chemically controlled rate that is dependent on the acidi-
ty. At elevated temperatures they found ZnO reaction to be diffusion
controlled in a process that run relatively fast andwhich was not signif-
icantly inﬂuenced by the conditions used for the preparation of the
samples investigated. However, they also observed that the dissolution
kineticswere signiﬁcantly inﬂuenced by the properties of the oxide sur-
face dependent on the oxide sample preparation and purity (Jandova
et al., 1999).
It has also been noted in previous work that products of the surface
reactions can affect the rate and extent of zinc extraction. Han et al.
noted that in oxalate and acetate solutions zinc complexes reached a
dissolution equilibrium after a small amount of zinc–ligand complex
formation and dissolution, indicating the possibility of a zinc–ligand
ﬁlm layer preventing further reaction and dissolution because of its
lower solubility in water (Han et al., 2010).
Guśpiel and Riesenkampf also deduced that considerable adsorption
of anions on the oxide surface could form surface complexes. These
complexes could contain groups that markedly reduce the effect of
hydrogen ion concentration from the acid on the dissolution rate
(Guśpiel and Riesenkampf, 1993).
García Rodenas et al. noted that the anions of the acid play an impor-
tant role through surface complexation of metal ions, enhancement of
proton co-adsorption, and labilisation of vicinal metal–oxygen bonds,
highlighting the example of Fe(III) oxides' dissolution rates which are
enhanced by the presence of reductants, whereas all of theM(II) oxides
they studied dissolved faster in the presence of oxidants (García
Rodenas et al., 2008).Table 3
Parameters and experimental conditions used to investigate leaching from blast furnace
dust slurry.
Parameter for
investigation
Experimental conditions
Acid type Various acids at 1 mol/L; 24 h; ambient temperature; S:L 1:10
Acid concentration 0–3 mol/L prop-2-enoic; 24 h; ambient temperature; S:L 1:10
Leaching time 2–72 h; 1 mol/L; ambient temperature; S:L 1:10
Leaching temperature Ambient, 50 °C & 100 °C; 2 h; 1 mol/L; S:L 1:10
Solid:liquid ratio 1:10, 1:1 & 1:2; 24 h; 1 mol/L; ambient temperature
pH effect 1 mol/L; 24 h; ambient temperature; S:L 1:10
Lixiviant re-use 1 mol/L; 24 h; ambient temperature; S:L 1:10
Solvent effects 1 mol/L; 24 h; ambient temperature; S:L 1:10
Salt effects 1 mol/L; 24 h; ambient temperature; S:L 1:104.1. Zinc and iron extractions using carboxylic acids
A selection of carboxylic acidswith different structures, functionality
and acid strength were used to investigate if these partially dissociated
organic acids were capable of extracting high levels of zinc.
Although carboxylic acids are only partially dissociated ‘weak acids’,
stabilisation of the carboxylate anion (RCOO−) shown in Eq. (6) could
potentially alter the extraction capability. By the consumption of the
carboxylate anion in Eq. (7) the concentration of the anion in Eq. (6)
decreases and shifts the equilibrium balance to the right, facilitating
further dissociation.
RCOOHþH2O ⇌ RCOO− þH3Oþ ð6Þ
RCOO− þMO ⇌
H3O
þð Þ
RCOOMþH2O ð7Þ
M ¼ metal R ¼ organic substituent group
Table 4 shows the extractions obtained using six different carboxylic
acids to compare their acid dissociation constants in water (pKa); the
ﬁnal post extraction pH; and chemical structure. In addition to the solu-
tion pH value, it is well understood that organic compounds such as
these can act as Lewis acids and that the substituent groups attached
to the carboxylic acid functionality can play an important role. These
can affect not only the pKa but also the stabilisation of reactants and
products through processes such as electron rearrangement via the
induction, resonance and mesomeric effects.
When comparing the structural analogues prop-2-enoic acid and
ethanoic acid the former has an acrylol group (H2C_CH\CO\R), theExtraction of zinc and iron using a variety of carboxylic acids at 1 mol/L.
Acid Formula pKa pH Extraction
Zinc (%) Iron (%)
Propanedioic (malonic) HOOC\CH2\COOH 2.8a
5.7b
1.4 93.9 16.9
Prop-2-enoic (acrylic) H2C_CH\COOH 4.3 3.3 83.1 8.5
2-Hydroxypropane-1,2,3
tricarboxylic (citric)
3.1a
4.8b
5.4c
1.0 82.6 32.2
Ethanoic (acetic) H3C\COOH 4.8 2.9 58.1 2.7
Ethanedioic (oxalic) HOOC\COOH 1.2a
4.1b
0.8 18.5 31.2
Benzoic acid C6H5\COOH 4.2 3.9 37.0 0.1
a First proton dissociation.
b Second proton dissociation.
c Third proton dissociation.
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Fig. 5. Extraction of zinc and iron with different samples: lixiviant ratios using 1 mol/L
prop-2-enoic acid.
38 J.M. Steer, A.J. Grifﬁths / Hydrometallurgy 140 (2013) 34–41latter has an acyl group (H3C\CO\R) and both acids have similar pKa
and pH values; however the level of extraction was much better for
prop-2-enoic acid (83.1%) compared to ethanoic acid (58.1%). In the
case of prop-2-enoic acid, the presence of the π-bonding of the unsatu-
rated group means that the unsaturated α-carbon atom is sp2
hybridised and the electron density is held closer to the carbon than
the σ-bonded saturated CH3 group in ethanoic acid. The sp2 carbon
atoms of prop-2-enoic acid are less electron donating compared to the
CH3 group of ethanoic acid, which results in less stabilisation of the
carboxylate anion and facilitates improved extraction.
The diprotic acids propanedioic and ethanedioic differ structurally
by a methylene bridge (\CH2\) only. However, although the pH
value for ethanedioic is 0.8 compared to 1.4 for propanedioic, the zinc
extraction was only 18.5% compared to 93.9% although its iron extrac-
tion was 31.2% compared to 16.9%. It appears that the increased acidity
of ethanedioic acid facilitates additional iron extraction, but structural
differences result in less zinc extraction.
The results suggest that there are additionalmechanisms for the zinc
extraction compared to the iron extraction. The zinc extractionmight be
better explained by substituent group effects from the Lewis acid/base
theory. In Eq. (8) the carboxylic acid acts as an electron pair receiver
from the non-bonded electrons of the oxygen in zinc oxide. For exam-
ple, prop-2-enoic acid extracted 83.1% zinc at pH 3.3, compared to
ethanedioic which only extracted 18.5% even though the pH was a
much lower than 0.8.
2 RCOOHþ ZnO ⇌ RCOOð Þ2ZnþH2O ð8Þ
In contrast to this, it would seem that the iron extraction follows the
Bronsted–Lowry theory where the carboxylic acid donates protons to
the iron oxide, shown in Eq. (9). The results indicate that the iron ex-
tractionwasmore effected bypHwith the three highest iron extractions
all occurring at low pH values (b1.5).
6 RCOOHþ Fe2O3 ⇌ 2 RCOOð Þ3Feþ 3 H2O ð9Þ
4.2. Zinc and iron extractions using prop-2-enoic acid
Because prop-2-enoic acid was successful at leaching high levels of
zinc (83.1%) and low levels of iron (8.5%) it was chosen as the basis of
more detailed study. The concentration was varied from 0.15 mol/L to
2.9 mol/L; held for 24 h with constant stirring at ambient temperature;
and at a sample and lixiviant (S:L) ratio of 1:10. The results plotted in
Fig. 4 indicate that the maximum level of zinc and iron extractions
with prop-2-enoic acid occurs at a concentration around 1 mol/L before
reaching a plateau, afterwhich the level of extraction remains the same.
For this reason, an aqueous solution with a concentration of 1 mol/L
would be sufﬁcient for leaching blast furnace dust slurry.Ex
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Fig. 4. Extraction of zinc and iron at varying concentrations of prop-2-enoic acid.4.3. Sample: lixiviant ratio (S:L)
The leaching of metal cations into solution occurs at the solid/liquid
boundary and so it would be expected that the ratio between these
would affect the extraction. As the concentration gradient of dissolving
cations surrounding the solid sample changes it is expected that the
level of extraction also changes.
Three different S:L mass ratios: 1:10; 1:1; and 2:1 were investigated
using an aqueous 1 mol/L solution of prop-2-enoic acid lixiviant held at
ambient temperature for 24 h with constant stirring. The results shown
in Fig. 5 indicate that the best zinc extraction occurred at the 1:10 S:L
ratio. At this ratio the concentration gradient at the solid:liquid bound-
arywould be the greatest. At the 1:1 and 2:1 ratios the extraction of zinc
was considerably lower, and although the iron extraction was lower at
2:1, the zinc extraction was very poor.
4.4. Lixiviant reuse
Reusing the lixiviant used for leaching zinc would maximise the ef-
ﬁciency of any extraction process for blast furnace dust slurry. To inves-
tigate the efﬁcacy of this, the same lixiviant solution was used to repeat
the test on fresh dust sample four times. A 1 mol/L aqueous prop-2-
enoic acid solution was used to extract zinc from a 1:10 sample:liquid
ratio held at ambient temperature with constant stirring. The solid
was ﬁltered from the mixture and the lixiviant solution recovered and
reused to run another extraction using a fresh sample of blast furnace
dust slurry.
The extraction results for reusing the lixiviant, shown in Fig. 6, were
lower for reused lixiviant compared to fresh material. Each extraction
run showed a reduction in the iron extracted; and although the 1st,0
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Fig. 6. Extraction of zinc and iron when reusing 1 mol/L prop-2-enoic acid lixiviant.
Fig. 8. Extraction of zinc and ironusing 1 mol/L prop-2-enoic acid at various temperatures.
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same reduction. The results suggest that itwould beworth investigating
a counter current extraction system, where a consistent concentration
gradient, is maintained to get the maximum zinc extraction with the
minimum quantity of fresh lixiviant.
4.5. Leaching time
A 1 mol/L aqueous solution of prop-2-enoic acid, at a 1:10 sample
ratio, was held at ambient temperature with constant stirring for 2 to
72 h; to investigate the optimum leach time at these conditions. The re-
sults plotted in Fig. 7 indicate that, for these reaction conditions, the
maximum zinc extraction took around 24 h before a plateau in the
level of extraction was reached. This was also found to be the same for
the iron extraction.
4.6. Leach temperature
By increasing the leaching temperature the energy available for
atomic and molecular collisions increases. Activation energy; mass
transfer co-efﬁcient; reaction constant; and diffusivity are all affected
by the available energy which can alter the rate of extraction.
A 1 mol/L concentration of prop-2-enoic acid was used at a 1:10
sample ratio with constant stirring for 2 h, to investigate the effect of
temperature on the extraction. The results in Fig. 8 show an increase
in the extraction of zinc to yield a maximum after only 2 h of 82.4%,
compared to 83.1% after 24 h at ambient temperature.
At ambient temperature the extraction proﬁles were similar for the
zinc and iron. In comparison for a 2 h extraction time, varying in tem-
perature between 22 °C and 95 °C, the iron and zinc proﬁles exhibit
the same relationship reaching a maximum extraction at 50 °C. The re-
sults suggest that both the iron and zinc are equally accessible for ex-
traction by the reagents.
4.7. The effect of non-aqueous solvents on zinc and iron extractions
The choice of solvent for a chemical process can have an important
effect on the solubility, stability and reaction rate of that process. In
acid–base reactions the presence of non-aqueous solvents is known to
inﬂuence the reaction kinetics and thermodynamics by processes such
as stabilisation; ionisation; or solubilisation of the reactants, products
or intermediates.
A series of 1 mol/L prop-2-enoic acid solutions were made up with
water:non-aqueous solvent blends thatwere also capable of solubilising
prop-2-enoic acid. A 1:10 sample ratiowas usedwith stirring for 24 h atEx
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Fig. 7. Extraction of zinc and iron using 1 mol/L prop-2-enoic acid for various leach times.ambient temperature. The three non-aqueous solvents chosen were
acetonitrile, propan-2-ol (isopropanol), and methylbenzene (toluene).
These solvents were chosen because of their range of polarities.
Methylbenzene is a non-polar solvent, immiscible in water, with a
low dielectric constant of 2.4. Acetonitrile is a polar aprotic solvent, mis-
cible in water, with a larger dielectric constant of 36.6 capable of solvat-
ing cations. Propan-2-ol is a polar protic solvent with a dielectric
constant of 20.2 capable of solvating anions by hydrogen bonding.
Water is a polar protic solvent characterised by a very high dielectric
constant of 80.1 and has ion-solvating ability which polarises nearby
solvent molecules by hydrogen bonding (David, 2005-2006). This cre-
ates a solvation envelope of surrounding solvent molecules which can
stabilise both anions and cations to solvate the extracted species by
delocalising their charge.
The results plotted in Fig. 9 are compared against the aqueous
1 mol/L prop-2-enoic acid solution which extracted 83.1% zinc and
8.5% iron from the blast furnace dust slurry. Extractions incorporating
a portion of methylbenzene showed very good zinc extractions of
85.8% and 85.7%, but importantly the iron extractions were lower in
comparison, 3.1% and 0.1%.
As previously discussed with carboxylic acids in Section 4.1, iron ex-
tractionwasmore affected by pH, but zinc extractionwasmore affected
by substituent group effects. The reduced extraction of iron might be
explained by a reduced solubility of the iron extracts into the aque-
ous/non aqueous solvent mixture. However, a mass balance of the dis-
tribution of extracted iron and zinc mass between the aqueous and0
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Fig. 9. Extraction of zinc and iron using 1 mol/L prop-2-enoic acid in different non-
aqueous solvents.
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that both were extracted into the aqueous phase. Consequently, the
aqueous phase should still facilitate extraction of the iron compounds
in the solvent mixture.
Alternatively, it is well understood that different solvents affect the
ionisation and acidity of an acid and in this case prop-2-enoic acid is sol-
uble in both phases of the immiscible solventmix used in this extraction
(Reichardt, 1990). It is possible that the non-aqueous solvent reduces
the acidic proton dissociation associatedwith its Bronsted Lowry behav-
iour, therefore reducing the acids' ability to extract iron in particular.
However, in comparison, the zinc extraction, explained in terms of the
substituent group theory, would not be affected in the same way by re-
duced proton dissociation.
In comparison, the water:organic solvent blends using propan-2-ol
and acetonitrile show both lower iron and zinc extractions. It seems
that these solvents have lower ion solvating ability, reducing the iron
extraction and also reducing the Lewis acid strength of the prop-2-
enoic acid, thus reducing zinc extraction.Fig. 11. Extraction of zinc and iron plotted against pH values postextraction.4.8. Comparison of various acids against prop-2enoic acid
A range of different types of acids were compared against the car-
boxylic acids tested at concentrations of 1 mol/L; held for 24 h at ambi-
ent temperaturewith constant stirring; and at a sample and lixiviant (S:
L) ratio of 1:10. Both organic carboxylic acids and mineral acids were
used to compare the effect of acid strength and structure on the extrac-
tion of zinc and iron shown in Fig. 10. Overall the extraction of zinc
ranged from 18.5% to 98.3%; whilst the extraction of iron ranged from
0.1% to 47%.
Sulphuric acid, nitric acid, and hydrochloric acid, are deﬁned as
‘strong’ mineral acids because they completely ionise in water. The
other acids, including the other mineral acid phosphoric acid, are
known as ‘weak’ acids that do not completely ionise in water. However,
the results show that the ‘weak’ acids are also capable of high levels of
zinc extraction, suggesting that it is not only acid protonation (pH)
that plays a role, but also additional mechanisms for zinc.
Sulphuric acid extracted the highest levels of zinc at 98.3%; unfortu-
nately it also extracted 47.0% of the iron, whichmakes it unsuitable as a
candidate for leaching the blast furnace dust slurry. This level of extrac-
tion is larger than literature ﬁgures quoted for other sulphuric acid ex-
tractions which ranged between 80 and 86% zinc extraction and 4 to0
10
20
30
40
50
60
70
80
90
100
Ex
tr
ac
tio
n 
(%
)
Zn Fe
Fig. 10. Zinc and iron extractions for a range of acids at 1 mol/L concentration.7% iron extraction (Asadi Zeydabadi et al., 1997; Havlik et al., 2012b;
Vereš et al., 2011). It would seem that the zinc and iron were more
leachable in this test sample of blast furnace dust slurry used in this
study.
Two samples with high zinc extractions and low iron extractions are
the 10% solution of poly(acrylic acid-co-maleic acid) and the 1 mol/L so-
lution of prop-2-enoic acid, extracting 90.4% and 83.1% zinc; and 10.6%
and 8.5% iron respectively. For this reason, these acids are particularly
suitable candidates for leaching blast furnace dust slurry.
For pH values between 0 and 3.5, the zinc extractions, shown in
Fig. 11, show a low dependency on the pH, ranging from 58.1% to
98.0%; although the highest extraction occurs at a pH b 1 and the lowest
extraction occurs at a pH N 3. This agrees with results comparing the
carboxylic acids in Section 4.1, and comparing the non-aqueous solvents
in Section 4.6, which suggest that substituent group effects also inﬂu-
ence zinc extraction.
Comparison of the iron extraction and pH also agrees with the re-
sults discussed previously where the extraction is more dependent on
the pH. The iron extractions ranged between2.1% and 47.0%; but impor-
tantly, only pH values N3 gave low iron extractions less than 10%,whilst
iron extraction greater than 10% occurs at pH values b3.5. Conclusion
The extraction of zinc and iron, from a composite sample of dried
blast furnace dust slurry, was investigated using different organic car-
boxylic acids, and non-aqueous solvents, to establish if they were capa-
ble of extracting high levels of zinc and low levels of iron. The following
conclusions were drawn from this investigation.
• For extractions using partially dissociated carboxylic acids, not only
does the pH play an important role, but also the organic substituent
groups. The results indicate that the iron extractionwasmost affected
by the pH, which could be explained by the Bronsted–Lowry theory.
However, when comparing the extractions against the chemical struc-
ture differences and acidity of prop-2-enoic acid, ethanoic acid,
propanedioic acid and ethanedioic acid, the zinc extraction was less
dependent on the pH and could be better explained by substituent
group effects from the Lewis acid/base theory.
When comparing the carboxylic acids and mineral acids, the extrac-
tion results against the pHalso show that, over the range tested, the iron
extraction wasmore dependent on the pH. However, the less dissociat-
ed carboxylic acids were still capable of high zinc extractions.
41J.M. Steer, A.J. Grifﬁths / Hydrometallurgy 140 (2013) 34–41This paper seeks to highlight that, in terms of carboxylic acids, addi-
tional mechanisms, where the chemical structure contributes due to
electron transfer, must be also considered to play a role in extraction.
• When using prop-2-enoic acid, a 2:1 blend ofwater and the non aque-
ous solventmethylbenzenewas found to be a novelway to reduce the
level of iron extraction further from 8.5% to 0.1%, whilst still achieving
85.8% zinc extraction. The results suggest that the non-aqueous sol-
vent methylbenzene altered the acid proton dissociation associated
with Bronsted Lowry behaviour, therefore reducing the acid's ability
to extract iron, but not affecting the zinc extraction explained in
terms of the Lewis acid theory.
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2 www.rwenpower.com.This paper describes the practical combustion issues encountered with biomass co-ﬁring on a large scale
trial in a 500 MW down ﬁred utility boiler at Aberthaw power station. It also investigates and discusses
the effect of biomass particle size and physical properties on devolatilisation; ﬂame stability; and slag-
ging by using the biomass energy crop miscanthus.
During large scale biomass co-ﬁring, the air ﬂow around the injectors plays an important part in the
fuel combustion and stable boiler operation. Secondary air ﬂow at the point of biomass injection was
adjusted during the experiments to provide higher airﬂows around the biomass injectors, hence the mix-
ing, and air available for biomass combustion, was improved producing less unburnt material in the ash
and reducing potential ﬁlter blockages. However, higher biomass air ﬂows disrupt the temperature dis-
tribution in the boiler causing a wider variation of superheater temperatures compared to the baseline
condition ﬁring coal only. This reduces the combustion efﬁciency and can lead to localised hot spots,
in the superheaters, with the potential to cause equipment damage. The trials indicated during the exper-
iments that a secondary biomass air ﬂow of 50% of its maximum, gave an optimum balance between air/
biomass mixing and variations in the superheater temperatures.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
This paper describes research undertaken on the behaviour of
biomass co-ﬁring in a large scale utility boiler. The aim of the trials
was to co-ﬁre biomass with coal in one of the 500 MW down-ﬁred
units at Aberthaw power station, in order to characterise the im-
pact of the biomass particle size and biomass secondary air ﬂow
(degree of mixing) on combustion and emissions performance, to
optimise of biomass ﬁring. Additionally, the properties of biomass
(miscanthus) were evaluated with a drop tube furnace to deter-
mine and understand the relationship between the loss of volatiles
in biomass, as a function of temperature and particle size. This
investigative work was complemented by a visual investigation
of the effect of miscanthus co-ﬁring on ﬂame stability, slagging
and a discussion on the operational safety of using high volatile
content biomass compared to coal.
The apparatus used for this research was Aberthaw power sta-
tion, a coal ﬁred power station, owned and operated by npower,
part of the RWE group. It began full operation in 1971 and can gen-
erate 1560 MW of electricity for the UK national grid system [1]. It
has three turbine generating units consisting of a boiler, supplyingll rights reserved.
: +44 29 20874939.steam to a turbine that powers an associated generator. The station
is designed to burn local, low volatile semi-anthracitic coal. Be-
cause of this the fuel is required to have a longer residence time
for complete burnout, so consequently the boiler design is a
‘down-ﬁred’ type where the pulverised coal fuel is injected down-
wards into the furnace combustion zone [2,3]. The heat produced
in the boiler converts water in the heat exchangers into high pres-
sure and temperature steam, generating steam at 16,500 kPa and
565 C.1.1. Biomass co-ﬁring
The UK government introduced legislation to meet targets for
renewable electricity in 2002 which took the form of the Renew-
ables Obligation, setting out a requirement for generators to pro-
duce up to 15% of the electricity they generate from renewable
sources by 2015. Now, as part of broader EU-wide action to in-
crease the use of renewables energy, the UK has committed to gen-
erating 15% of its energy from renewable sources by 2020 [4]. For
conventional coal ﬁred power stations one method is to co-ﬁre a
certain percentage of renewable biomass with the coal [5–9]. In a
study by Ayhan Demirbas (2003), results of extensive applications
showed that co-ﬁring biomass with coal accomplished (a) in-
creased boiler efﬁciency, (b) reduced fuel costs and (c) reduced
emissions of NOx and fossil CO2 [10]. Similar ﬁndings were also
286 J. Steer et al. / Energy Conversion and Management 66 (2013) 285–294published by Bennetto et al. whose results showed that biomass
co-combustion is environmentally better than the sole CO2 capture
and/or biomass combustion [11] and also by Chaouki et al. who de-
scribe the reduction of NOx and CO2 emissions when using co-com-
bustion [12].
In order to avoid issues associated with co-feeding biomass and
coal such as feeder blockages [13], RWE chose to co-ﬁre by direct
injection as a means to comply with the Renewables Obligation.
They have been co-ﬁring biomass into one of the boiler units at
Aberthaw since 2003, using a dedicated screening and feeding sys-
tem for a sawdust feedstock into that unit. This material is a co-
product from sawmilling activities, and is supplied as a particle
less than 5 mm in length which requires no milling on site.
In 2007, a new biomass handling facility was built to feed Aber-
thaw’s two other boiler units by taking biomass in the form of
woodchips (around 5 cm long, less than 9 cm3) and process them
into smaller particles. The system starts with an unloading hopper
where woodchips are delivered and screened before being trans-
ferred into a large woodchip silo. Material is fed into three hammer
mills which break down the woodchips through screens to a target
particle size speciﬁcation of more than 90% <5 mm before being
ﬁred through dedicated nozzles into the boiler.
Previous literature has discussed the importance of biomass
particle size and shape on combustion; both experimental and the-
oretical investigations indicate particle shape and size inﬂuence
drying, devolatilisation, heating rate, and reaction rate [14–19].
Asadullah et al. describe how the size of the biomass particles is
one of the determining parameters for the structure of char which
in turn affects the reactivity by increasing the opportunity for
recombination reactions with larger particles [20]. Holtmeyer
et al. showed that large biomass particles that are not entrained
in the near-burner region breakthrough the ﬂame envelope, which
can be detrimental to controlling NO formation [21].
Austin et al. illustrated that both the volatile burning times and
the ignition delay times are shown to be functions of the product of
the initial particle density with the square of the initial particle
diameter, indicating that convective heat transfer to the particle
is the rate controlling mechanism for both processes.
Another potential issue using biomass is associated with the
composition of the ash produced after its combustion. Biomass
ash has a composition which can lead to deposition onto the sur-
faces of the boiler. There are two types of deposit formation: Slag-
ging refers to deposition in the high temperature refractory
sections of boilers where radiative heat transfer is dominant and
is due to the presence of molten ashes. Fouling refers to deposition
in the convective heat transfer zones of the boiler where the gases
cool and deposit material [22–24].2. Methods and materials tested
2.1. Materials tested
Table 1 shows the proximate analysis for the coal, coal ash, sitka
spruce and miscanthus biomass. In comparison, the coal and bio-Table 1
Proximate analyses of coal and biomass (as received).
Moisture content (wt.%) [27] Volatiles content (wt.%) [28]
Coal 4.1 15.8
Coal ash 0.0 1.5
Sitka spruce biomass 45.3 47.3
Miscanthus biomass 7.4 74.8
Moisture content BS 14774-3:2004; volatiles content BS 15148:2005; carbon content BS
caloriﬁc value BS EN14918:2009/BS ISO1928:2009.mass are very different types of fuel [25]. Coal is characterised by
a comparatively high higher heating value (HHV), ash and ﬁxed
carbon, but low moisture content and volatiles. Biomass on the
other hand has a lower HHV, ash and ﬁxed carbon content, but
much higher moisture and volatiles content [26]. The biomass used
in the boiler trials contained signiﬁcantly more moisture than the
miscanthus used in the drop tube trials, since this material had
been seasoned (hence partially dried) prior to testing.
Samples of the biomass were taken corresponding to the British
standard BS EN14778:2011, using a systematic increment extrac-
tion method from a conveyor over the course of the trial [35]. This
sample was then subdivided in the laboratory to reduce the sample
volume for further testing using a rifﬂe box, as deﬁned by BS
EN14780:2011 [36]. Because of the high moisture content of the
biomass, the sample was dried at 40 C as deﬁned in this standard,
then classiﬁed by a dry sieving method that met the speciﬁcation
deﬁned by BS EN 15149-1:2010 using four sieves of wire mesh size
1.18 mm; 3.35 mm; 5.00 mm; and 6.70 mm [37]. The cumulative
particle size distribution curve in Fig. 1 shows the actual mass per-
centage of sample, <5 mm in size, was 93.3% and that the [d50]
median value of the particle size distribution was 3.30 mm.
Table 2 shows the constituents of the ash identiﬁed by a Perkin–
Elmer Optima 2100DV inductively coupled plasma spectrometer
and presented as their oxides. The ash constituents play an impor-
tant role in operational issues such as slagging and fouling. Alka-
line salts, such as alkaline silicates present in biomass ash, have
lower melting and softening points which are particularly prob-
lematic to boiler combustion processes [38–41]. The biomass sam-
ples in Table 2 have much higher potassium oxide (K2O) levels
compared to the coal and Nielsen et al. reported that potassium
salts, formed by reactions during combustion, play a signiﬁcant
role in ash deposition by bonding the individual ﬂy ash particles
together [42,43].2.2. Drop tube furnace
A drop tube furnace was used to characterise the devolatilisa-
tion behaviour of miscanthus goliath. It was not possible to use
the same biomass used in the boiler trial because the particle size
was too large to ﬁt in the drop tube furnace apparatus. It should be
noted this analysis was conducted on dried samples, not at the
moisture content used during the power station trial, due to the
difﬁculty of feeding ‘wet’ biomass into the tube without ‘bridging’
leading to blockages.
A drop tube furnace measures the rate of volatiles loss (in an in-
ert atmosphere) or the rate of burn out of a fuel (in an oxidising
atmosphere). This facility was located at RWE’s Combustion Test
Facility in Didcot, UK. It is a vertical tube furnace, shown in
Fig. 1, which is heated by four 4.2 kW silicon carbide main heaters;
two 2 kW trim heaters; and a 1.7 kW pre heater. Particles are fed
into the top at feed rates between 3 and 50 g/h, carried down into
the main hot gas stream at around 20 l/min via a water cooled
probe, then collected at the bottom by means of a cyclone collector,
a schematic of which is shown in Fig. 2.Fixed carbon (wt.%) [29,30] Ash content (wt.%) [31,32] HHV (GJ/t) [33,34]
68.9 11.2 31.4
2.4 96.1 n/a
7.2 0.2 10.6
15.1 2.7 17.6
EN15104:2011/BS ISO29541:2010; ash content BS 14775:2004/BS ISO1171:2010;
Fig. 1. Particle size classiﬁcation obtained by sieving.
Table 2
Ash constituent analysis presented as oxides (wt.%, dried).
Al203 CaO Fe2O3 K2O MgO Mn3O4 Na2O TiO2 P2O5 SiO2 RCO3 Rest
Sitka spruce biomass 7.1 12.6 6.7 13.1 3.3 2.0 0.9 0.4 2.5 26.0 11.4 14.0
Miscanthus biomass 1.1 6.9 1.6 21.1 4.5 0.2 2.2 0.1 3.0 42.3 1.3 15.7
Coal 31.6 3.3 6.5 2.2 0.6 <0.1 0.9 0.9 <0.1 51.0 0.5 2.5
Fig. 2. Diagram of the drop tube furnace apparatus.
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ﬂow to carry individual particles for a chosen residence time (from
30 ms to 500 ms) and chosen temperature (up to 1400 C) to char-
acterise the fuel, temperature and time relationships. The resi-
dence time in this tube is controlled by raising and lowering thewater cooled inlet feeder and collection probe, as indicated in
Fig. 2. The temperature is controlled by two 818S Eurotherm
microprocessor controllers plus an 818P controller/programmer
for the main elements and measured by ﬁve R-type thermocouples
along the length of the furnace tube.
288 J. Steer et al. / Energy Conversion and Management 66 (2013) 285–294Two sample particle size ranges were prepared for testing by
sieving according to the British standard BS EN15149-1:2010 as,
1.18–2.0 mm, and 0.18–0.85 mm [37]. These were tested at two
temperatures, 1200 C and 1400 C, for different residence times
measuring the volatiles content of the residue collected from the
experiments using British standard BS15148:2009 [28]. The results
of these tests were then used in conjunction with the subsequent
boiler trials at the power station in order to estimate residence
times for the devolatilisation and hence total combustion times
of the biomass, in comparison to coal.
2.3. Down-ﬁred boiler units
The utility boilers used in this study were single reheat boilers
with water wall tubes with an evaporation rate of 422 kg/s. The
water wall tubes form two box-like compartments, the furnace
and the heat recovery area, above these is a steam drum together
with a complex of tubes and headers which supply the water wall
tubes. In the upper part of the furnace are the platen, secondary,
and radiant superheaters. In the heat recovery area are the primary
superheater, primary reheater and secondary reheater.
The boiler design investigated differs from many wall shot or
corner shot boiler designs by charging the pulverised fuel and pri-
mary air into the furnace from down-ﬁred burners. The secondary
and tertiary air supplies are fed into the furnace separately and by
using plenum dampers the ﬂow can be directed to alter the depth
of the ﬂame and change the fuel residence time. Pulverised fuel for
the boiler is supplied by six tube ball mills; each mill supplies the
fuel to six burners which have individual on and off control and
individual air control per burner. The wide, shallow depth layout
of the boiler, with a total of 36 burners, results in larger variations
from side to side but small variations front to back.
Biomass in the form of woodchips is milled through hammer
mills ﬁtted with screens with a nominal hole size between
10 mm and 14 mm, the target top size of the milled product is
5 mm in length. This is conveyed and then fed into the boiler pneu-
matically with unheated primary air through four nozzles at a rate
of 5 t/h per nozzle.
Each biomass nozzle consists of a central tube carrying biomass
at a constant ﬂow rate by the primary air and a wider diameter
outer tube that supplies the biomass secondary sir (SA). In differ-Fig. 3. Schematic cross sectioence to the down-ﬁred coal, the biomass is fed horizontally into
the furnace at a point just above the coal burners on each of the
side walls, as shown in Fig. 3.
The burner conﬁguration for co-ﬁring coal and biomass is
known to affect the formation of nitrogen oxides (NOx) [44]. Hein
et al. discussed how fuel added to the sub-stoichiometric inner
recirculation zone results in low NOx emissions but fuel added by
the annular clearance devolatilises in high oxygen conditions lead-
ing to an increased conversion to NOx [7].
The biomass secondary air is tapped off from the main boiler
through the secondary air duct and can be regulated by manually
adjustable dampers in the supply lines to the biomass nozzles. The
secondary air is essential for combustion and inﬂuences the ﬂow
of the particles and the depth that they are carried into the boiler.
The boiler system has a computer controlled logic system, and
is designed to maintain steam pressure in the steam drum of the
heat exchangers as required to meet the generator load demand.
Primary air ﬂow supplying the pulverised fuel mills controls this
drum pressure. As a result, when the boiler conditions are altered,
such as adding the biomass, the system automatically adjusts to
compensate. This means in a dynamic system that is constantly
changing it is sometimes difﬁcult to quantify the effect of such
changes.
Combustion performance can be optimised by the process oper-
ators who have manual control of the quantity and balance of the
air distributed between the burners; which of the pulverised coal
burners are in service; and adjustment of the total air quantity
by means of a ‘trim’ control.
The pulverised coal is input with the primary air into the boiler,
and under normal operating conditions, with a maximum feed rate
at full load of around 180–200 t/h. The coal mills are ﬁtted with
volumetric feeders and the feed rate of the coal is adjusted by
the logic control system in order to meet the required load output
from the unit (load sensitive). During the trial the boiler system
was run in ‘‘frequency insensitive’’ mode so the unit output was
constant.
3. Biomass trial objectives
The process of co-ﬁring biomass not only changes the balance of
fuel input into the boiler, but it also alters the distribution of com-n of the Aberthaw boiler.
Table 4
Devolatilisation of miscanthus particle size (0.18–0.85 mm) at
1200 C and at 1400 C.
Particle residence time (ms) Volatiles (%)
1200 C 1400 C
0 80.8 80.8
35 71.9 71.2
65 72.7 68.1
100 65.3 59.2
125 64.7 n/a
200 n/a 38.7
350 29.3 17.4
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mined that the quantity of primary air used to feed the biomass
into the boiler has a negligible impact on its running, but further
work was required to investigate the effect of the biomass second-
ary air.
By changing the quantity of air fed around the nozzle the
amount available for biomass combustion, and the mixing of bio-
mass with air is affected, altering the ignition and burnout charac-
teristics. The main coal combustion is also affected because air is
being supplied above the primary combustion zone; also because
half of the biomass mass is its moisture content (see Table 1);
and also because the biomass combustion can reduce the amount
of oxygen available for coal combustion.
Following the installation of the new biomass handling and feed
system at Aberthaw power station a trial was necessary to charac-
terise combustion in terms of two process variables:
The impact of biomass secondary air ﬂow rate, and hence
degree of mixing, on combustion performance.
The impact of biomass particle size on ﬂue gas emissions and
the carbon remaining in ash (burnout).
To obtain the most comparable and meaningful results from the
biomass co-ﬁring trial a number of conditions were necessary. The
ﬁrst of these was a steady state generator load (frequency insensi-
tive mode), where the coal input into the boiler was maintained at
a constant rate of 200 t/h to achieve a constant measured maxi-
mum load output from the unit of 481 MW, with an observed var-
iation ±1%. Also, the same single source of coal was used to
maintain a constant thermal output. The biomass system however
is independent of the logic control for the unit and is measured
gravimetrically. For the trial, biomass was fed into the boiler at a
constant rate of 20 t/h and negligible variation was observed. The
following trial test conditions were run over a period of 3–4 h to
obtain a steady operational state, and the results were averaged
over this period to account for any variation.
Two biomass milling screen sizes (12 mm and 14 mm).
Three different biomass secondary air damper settings (30%;
50%; and 80% of the maximum ﬂow).
Three baseline conditions (coal ﬁring only, no biomass).
4. Results
4.1. Miscanthus devolatilisation in a drop-tube furnace and its
application in co-ﬁring
In the case of large-scale co-ﬁring, practical issues usually mean
that biomass is not ground to the same particle size as coal. There-
fore, the particle size of biomass is much larger and the particle
size distribution much greater, which reduces the rate of volatiles
loss from the biomass.
Table 3 shows the drop tube results for the larger Miscanthus
particles (1.18–2.00 mm) at 1200 C and 1400 C. For a particle res-
idence time of 500 ms a drop in mass was measured of 16.3% at
1200 C and 35.1% for the same residence time at 1400 C. As ex-Table 3
Devolatilisation of miscanthus particles (1.18–2.00 mm).
Particle residence time (ms) Volatiles (%)
1200 C 1400 C
0 80.8 80.8
65 80.3 77.7
125 80.1 75.2
350 72.5 57.0
500 64.5 45.7pected the higher temperature the more complete the devolatilisa-
tion, but even at 1400 C for 500 ms, 45.7% of the volatile content
remains.
Table 4 highlights the results for the smaller particle size (0.18–
0.85 mm). These show a faster devolatilisation compared to the
larger particle size. The lower rate of devolatilisation for the larger
particle sizes could be an issue when co-ﬁring in a utility boiler,
particularly as some particle sizes will be up to 5 mm.
Fig. 4 shows the plots of biomass devolatilisation, which is ex-
pressed as the relationship between volatile content of the fuel
versus residence time in the drop tube furnace. The smaller particle
size (0.18–0.85 mm) shows complete devolatilisation after 0.4 s at
1400 C and 0.6 s at 1200 C respectively (via extrapolation). The
larger particle size (1.18–2 mm) takes signiﬁcantly longer to devo-
latilise completely; extrapolated as 1.2 s at 1400 C and 2.9 s at
1200 C.
With a 500 ms residence time at 1450 C a sample of Colombian
coal with low volatiles content (31% by mass) lost 53% of its vola-
tiles content, which works out as a 16.4% loss of its mass. In com-
parison, for the miscanthus biomass, an equivalent loss of 53% of
its volatiles content gives a mass loss of 42.8% because of its higher
initial volatiles content. Table 5 compares the residence times re-
quired to lose equivalent volatiles content for coal and miscanthus.
Despite much larger particle sizes the biomass samples devolat-
ilise quickly compared to coal even at a lower temperature. Wil-
liams et al. discuss how volatile combustion dominates biomass
combustion and claim that the volatile content of biomass usually
contributes about 70% of the heat of biomass combustion com-
pared with about 36% for coal volatile combustion [18]. In the
down-ﬁred boiler, indicative particle residence times of 2.0–2.5 s
from inlet to furnace outlet (superheaters) would give sufﬁcient
time for biomass particles less than 2 mm to be completely devo-
latilised [45]. In comparison during the power station trials, bio-
mass particle sizes up to 5 mm were encountered which would
require longer residence times to devolatilise and burn out.
Because of the high volatile yields associated with biomass,
tests were carried out at the RWE combustion test facility (CTF)
at Didcot, to investigate ﬂame stability associated with co-ﬁring.
The results show that it is possible to burn Miscanthus at 25%
blended with coal in an unmodiﬁed low NOx coal burner and get
a stable ﬂame, see Fig. 5.
A very important consideration with high volatile content bio-
mass is storing the material safely. The devolatilisation process in
miscanthus starts at a signiﬁcantly lower temperature (ca. 200 C)
than a typical coal (ca. 400 C), as can be seen in Fig. 6. This means
that a complete safety review has to be carried out before this type
of fuel can be introduced at a coal ﬁred power station. The risks for
ignition and dust explosions are completely different compared to
coal.
It has been shown at RWE’s combustion test facility at Didcot,
that the tendency to form slag increases with increasing fraction
of miscanthus in the fuel blend. Fig. 7 shows how the amount of
slag increases with the fraction of miscanthus. This correlates with
Fig. 4. The loss of volatiles as a function of temperature and particle size.
Table 5
Comparison of the loss of volatiles of coal and biomass.
Particle size
range (mm)
Temp.
(C)
Extrapolated residence time required
for complete devolatilisation (ms)
Coal 0.05–0.07 1450 945
Miscanthus 0.18–0.85 1200 565
Miscanthus 0.18–0.85 1400 430
Miscanthus 1.18–2.00 1400 1200
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understood to cause difﬁculties due to its slagging behaviour when
it reacts with silicon to form salts having lowmelting temperatures
which deposit themselves on the boiler surfaces [41–43,46].4.2. Power station trials – process data during co-ﬁring trials
The data for the boiler unit was taken from the process informa-
tion (PI) system which records data points approximately every
10 s depending on the particular set-up for any process variable.
Due to the scale and complexity of the unit, data recorded by this
system tends to be noisy. In addition, the unit is slow to settle to a
new steady state following alterations in operating conditions, so it
is left for 30 min after any changes then the data recorded is aver-Fig. 5. Neat coal ﬂame (left) and 25/7aged over a 15 min period to give a single ﬁgure for each parameter
measured.
Among the most important parameters for operation efﬁciency
are the steam temperatures in the superheater (S/H) heat exchang-
ers. These are measured at four different positions to establish the
distribution of temperature across them. Ideally these tempera-
tures will be around 565 C and when optimal combustion is
achieved the variation between these temperatures should be as
small as possible. A wide variation in these temperatures indicates
uneven combustion distribution across the chamber, reducing the
system efﬁciency and leading to damaging hot spots in the boiler.
The maximum tolerable temperature differential is 16 C.
Table 6 compares the superheater temperature ranges after
adjusting for the baseline variation. The screen size used to process
the biomass during shredding is shown, along with the quantity of
biomass secondary air ﬁred into the combustion chamber. The data
shows that the higher secondary airﬂow results in a wider varia-
tion across these tubes. In all these cases the rate of biomass addi-
tion remained constant, but as the additional mass ﬂow of
secondary air supplied with the biomass was increased, the tem-
perature distribution through the boiler was disrupted.4.3. Power station trials – plant emissions during co-ﬁring trials
Co-ﬁring biomass affects the levels of unwanted combustion
products which exit the boiler in the ﬂue gas such as nitrogen oxi-
des (NOx), sulphur oxides (SOx), dust and carbon monoxide (CO)5 miscanthus/coal ﬂame (right).
Fig. 6. TGA analysis of miscanthus (red) and a typical coal (black). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
Fig. 7. Impact of the blend composition on the slagging tendency (5% miscanthus in
the foreground rising to 25% in the background).
Table 6
Comparison of superheater temperature ranges.
Average
temperature
across
superheater
zones (C)
Temperature
range relative
to the
baseline (C)
12 mm mill screen, 80% secondary air ﬂow 553 23
12 mm mill screen, 50% secondary air ﬂow 554 5
12 mm mill screen, 30% secondary air ﬂow 556 5
14 mm mill screen, 80% secondary air ﬂow 565 20
14 mm mill screen, 30% secondary air ﬂow 565 3
J. Steer et al. / Energy Conversion and Management 66 (2013) 285–294 291[47,48]. Dust is deﬁned as particulate carry over (ﬂy ash) from the
combustor. Table 7 shows the amount which these values deviate
from the baseline (100% coal only, no co-ﬁring) for each run. Base-
line data is not supplied due to plant conﬁdentiality.As the data shows, the dust levels increased by a small amount
during co-ﬁring and were attributed to unburnt or incomplete
combustion of fuel due to the redirection of airﬂow from the pri-
mary coal combustion zone to the biomass combustion.
Co-ﬁring had a variable effect on the NOx levels observed during
the trials because of a number of the competing effects: combus-
tion air being diverted to the biomass nozzles; lower combustion
temperatures of the biomass resulting in less thermal NOx forma-
tion; lower nitrogen content in the biomass compared to typical
coals; and the re-burn effect caused by the addition of higher vol-
atile content fuel (biomass) after the main combustion zone above
the main burners. This alters the combustion conditions in the fur-
nace to create fuel rich and fuel lean zones, which promotes or lim-
its the formation of reactive nitrogen radical species respectively,
and which are precursors to the formation of NOx [49].
Carbon monoxide levels increase on co-ﬁring due to the fast re-
lease of volatiles from biomass which is not completely com-
busted, resulting in the partial oxidation to carbon monoxide
rather than carbon dioxide. This can also be due to the compara-
tively high moisture content of the biomass fuel, resulting in lower
ﬂame temperatures, hence incomplete combustion and CO produc-
tion. The SOx levels are consistently low because of the ﬂue gas
desulphurisation system installed on the units at Aberthaw in
compliance with the Large Combustion Plant Directive [50].4.4. Fly ash analysis
At the test power station in Aberthaw, each boiler unit has three
electrostatic precipitators which remove ﬂy ash from the ﬂue gas
exiting the boiler. Under normal operating conditions at this power
station 90% of the ash produced is recovered as precipitator ash
and 10% as bottom ash.
The carbon content and particle size of the ﬂy ash give impor-
tant information about the completeness of the biomass combus-
tion in the boiler. The presence of carbon in the ﬂy ash indicates
incomplete ‘burn out’ of the fuel, and it is important to maintain
combustion process conditions that keep this to a minimum [51].
Fig. 8 compares the variation in carbon content in the ﬂy ash sam-
ples relative to the baseline condition burning coal only with no
Table 7
Comparison of ﬂue gas emissions relative to baseline emissions.
Dust (mg/m3) NOx (ppm) CO (ppm) SOx (ppm)
12 mm mill screen, 80% secondary air ﬂow +26 15 +77 0
12 mm mill screen, 50% secondary air ﬂow +2 67 +14 2
12 mm mill screen, 30% secondary air ﬂow +4 56 +20 2
14 mm mill screen, 80% secondary air ﬂow +30 +10 +128 +2
14 mm mill screen, 30% secondary air ﬂow +35 +49 +155 +2
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Fig. 8. Carbon remaining in ash for different biomass fuel particle sizes and quantities of biomass secondary air, relative to baseline (burning coal only, no co-ﬁring).
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Fig. 9. Fly ash particle size for different biomass fuel particle sizes and quantities of biomass secondary air, relative to baseline (100% coal and no biomass co-ﬁring).
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static precipitators and the results were averaged.
The results indicate that the biomass secondary airﬂow rate
does not appear to affect the amount of carbon in the ash. The
dominating factor appears to be the biomass particle size (i.e.
screen size after milling). The ﬂy ash from the 12 mm screened fuel
is almost identical in carbon content to that of the baseline fuel at
50% and 80% secondary air. However the 14 mm screened fuel has
a carbon content in its ﬂy ash of almost twice the baseline case at
both 30% and 80% biomass secondary air settings.
The ﬂy ash samples were tested on a Malvern Mastersizer laser
particle size analyser. To ensure consistency, each sample was se-
lected from the same precipitator and from the same sample posi-
tion. This technique does have limitations because it requires
spherical particles to give an accurate measurement.
Fig. 9 compares the percentage of larger ash particles (>200 lm
in size) from the different trial conditions relative to the baseline
condition ﬁring with coal only, i.e. no co-ﬁring.The data shows that the presence of these larger particles indi-
cates incomplete combustion of the biomass. Some of the co-ﬁring
trials have a higher proportion of large particles compared to the
baseline conditions indicating unburnt material in the ash. Fig. 8
suggests that at higher biomass secondary airﬂows there is more
air and fuel mixing which results in less unburnt material, since
good mixing of air and biomass is vital to a balanced and efﬁcient
combustion setup. It seems that it is possible to achieve reduced
emissions of incompletely burned particles during co-ﬁring if the
biomass secondary air ﬂow is optimised and the biomass particle
size is sufﬁciently ﬁne.5. Conclusions
Co-ﬁring of biomass with coal has important implications on
the operation of a large scale utility boiler as shown in the power
station trial. The experimental work also highlighted some
J. Steer et al. / Energy Conversion and Management 66 (2013) 285–294 293important issues regarding the use of biomass and discussed the
potential implications on large scale co-ﬁring.
The drop tube furnace illustrated howmiscanthus biomass dev-
olatilised more quickly than coal even with larger particle sizes at
temperatures of 1200 C. When compared by TGA analysis, the ini-
tial devolatilisation temperature of miscanthus (ca. 200 C) was
signiﬁcantly lower than a typical coal (ca. 400 C), highlighting
the implication on the safe storage and handling of biomass. In
addition, the combustion test facility experiments showed how
stable ﬂames could be obtained co-ﬁring up to 25% miscanthus
but it illustrated how much slagging is an issue at these levels.
With regard to boiler trails, increasing the biomass secondary
combustion air ﬂow reduces the unburnt material in the ash; this
is attributed to an improvement in the air and fuel mixing which
leads to more complete combustion. However, on the Aberthaw
boiler unit higher biomass secondary air ﬂows increase the varia-
tion across the superheater temperatures; this reduces the com-
bustion efﬁciency which could lead to localised damaging hot
spots.
There is an optimum biomass secondary air ﬂow rate of 50% of
the maximumwhich gives the best balance available using the cur-
rent biomass nozzle setup. It gives sufﬁcient ﬂow for good mixing
of the biomass with air for combustion and burnout, while the ﬂow
is not too great to disrupt the distribution of temperature in the
superheaters.
Co-ﬁring can increase the dust levels in the ﬂue gas by redirect-
ing some airﬂow to the biomass combustion, which in turn reduces
the air available for the coal combustion and increases the levels of
unburnt dusts. It was shown that it is possible to avoid this if the
fuel is ground to a sufﬁcient ﬁne size and the mixing with combus-
tion air is efﬁcient. Carbon monoxide levels also increase when co-
ﬁring; this is expected because the fast release of the biomass vol-
atiles which are not completely combusted. It is often observed
that co-ﬁring biomass reduces emissions of NOx, this was observed
for the 12 mmmill screened particles, but not with the 14 mmmill
screened particles where NOx levels increased.
The ash analysis showed evidence of some larger and unburnt
particles of biomass carrying through to the precipitators. It is
not clear if the differences between these particle sizes have a sig-
niﬁcant effect on the amount of unburnt particles, however, higher
biomass secondary air volumes produce better burnout due to the
improved mixing of air and fuel.Acknowledgments
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 Blending coals improved the burnout of low volatile content semi anthracitic coals.
 Granulated samples showed a fragmentation effect in a drop tube furnace.
 Granulated particle fragmentation improved blend burnouts at lower residence time.
 Higher volatile content mass loss improved burnout at lower residence times.
 Included minerals with higher K/Al ratios gave non-additive burnout improvements.a r t i c l e i n f o
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Coal injection plays an important role to the economic success of ironmaking by substituting a portion of
the coke input and improving the blast furnace productivity. Manufacturers are looking at opportunities
to increase their coal selection options by using higher proportions of technically challenging lower vol-
atile matter content coals; this paper investigates the kinetics, devolatilisation and burnout of these in
granulated coal blends using thermogravimetric analysis (TGA) and a drop tube furnace (DTF).
The char residue from the semi-anthracitic low volatile coal selected for this blending investigation had
a much reduced reactivity at higher conversions which affected the blends in different ways. Burnout of
the blends with the low volatile bituminous coals was improved by fragmentation of the granulated par-
ticles, but at longer residence times the lower reactivity of the more structurally ordered carbon in the
semi anthracitic coal dominated. In contrast, the higher volatile coals showed improvements at low res-
idence times corresponding to rapid volatile loss, but also showed non-additive blend improvement at
longer residence times which may be explained by the more obvious presence of included minerals
and the higher K/Al ratios associated with illite mineral phases known to improve burnout.
 2014 Elsevier Ltd. All rights reserved.1. Introduction In most cases, coal is injected in a pulverised form where theCoal injection in the blast furnace is understood to reduce the
consumption of expensive coking coals, increase productivity,
increase ﬂexibility in operation, improve the consistency of hot
metal quality, and reduce the overall emissions from steel plants
[1]. Typically, coal is injected into the blast line at temperatures
around 1100 C, and the particle residence time in the ‘raceway’
void formed by this hot blast is typically around 30–50 ms [2]; how-
ever, Guo et al. described work showing how raceway residence
times could range from 25 to 1000 ms depending on the particle
size due to turbulent conditions experienced in this region [3].particle size is typically below 75 lm; but this paper looks at gran-
ulated coal injection, which involves less energy to mill into spec-
iﬁcation, with a nominal sieve speciﬁcation of 100% <1000 lm and
50% <250 lm [4,5]. However, the wider range and larger particle
sizes are known to affect the devolatilisation and combustion of
coals to a lesser or greater extent due to reasons such as heat trans-
fer, mass diffusion, reactive surface area available, and maceral or
mineral segregation affects [6–9].
Variability in coal properties can inﬂuence the quality of the hot
metal, furnace stability, productivity and the off gas composition.
Because of the short residence time in the raceway the devolatili-
sation and combustion of coal particles are vitally important,
because unburnt particulates indicate un-utilised coal which
increases the carbon input per tonne of hot metal and can interfere
J.M. Steer et al. / Fuel 151 (2015) 40–49 41with the permeability of the furnace [10–12]. For this reason the
volatile content, or fuel ratio (ﬁxed carbon/volatile matter), is often
used by manufacturers as a measure of the suitability of a coal for
injection and consists of combustible gases, incombustible gases,
and condensable tars [13,14].
Higher volatiles generally have better combustion efﬁciency
and produce more reactive chars and hence better burnout [15].
In comparison, low volatile coals with higher caloriﬁc values give
better coke replacement ratios with less raceway cooling, but usu-
ally have lower combustion efﬁciency leading to unburnt chars
[16,17]. However, higher volatile matter content coal can produce
more soot which has lower reactivity than unburnt chars [18].
In order to utilise the optimum properties of both volatile sce-
narios, coals are often blended, but mixing has been found to alter
the combustion properties depending on the coals chosen [16,19].
Kunitomo et al., found that high volatile matter coal formed a
higher temperature combustion ﬁeld that promoted the combus-
tion of low volatile coals [20] whereas when Artos et al. blended
high and low-rank coals they found it did not affect the combus-
tion behaviour of the component coals when investigated in a ther-
mogravimetric analyser or drop tube furnace [21]. However, there
is also potential for individual coals to cause speciﬁc issues with
grindability, combust at different rates and temperatures, and
burnout at varying rates [18]. Recently Moon et al., showed non-
additive behaviour between parent coals and their blends as the
volatile matter content of the low rank coal (higher VM) inﬂuences
the ignition temperature in the blend, whereas the char of the high
rank coal (lower VM) in the blend inﬂuences the burnout temper-
ature in the high temperature region [17].
Particularly important for the combustion of lower volatile con-
tent coals is the char reactivity and this has been studied in great
depth [22–24]. The combustion of char is predominately controlled
by chemical reactivity and pore diffusion of reactive and non-reac-
tive gases in and out of the char [25–28]. The mineral content of
coals, and the association of this in the coal, has also been shown
to have an inﬂuencing effect on the devolatilisation and combus-
tion giving effects that range from synergistic, catalytic or inhibi-
tory depending on their levels and composition [29–34].
Although high volatile coals are often chosen for coal injection
because of the concerns mentioned previously, more recently there
has been a trend to utilise higher proportions of low volatile coals.
However, increasing the proportion of these has the potential to
reduce the furnace operation stability and increase top gas partic-
ulate emissions [1,18,35,36].
This paper measures the reactivity and burnout of coal blends
with the more challenging high rank low volatile coals, aiming to
establish the reasons how and why they affect the performance.
In comparison to the state of the art, this work looks more closely
at the use of granulated coals for blast furnace injection, instead of
the pulverised coals more extensively covered by the literature for
this application; it focuses on the novel way these coals and their
blends fragment, swell and act synergistically on the burnout in
a drop tube furnace.
2. Materials and methods
2.1. Materials
Five coals, ranging from the high rank semi-anthracitic LV1 to
the lower rank high volatile bituminous HV, were chosen based
on their variation in volatile matter shown in Table 1. The low vol-
atile samples LV1, LV2 & LV3 ranged from 8.2% to 14.7% while the
medium volatile MV was 24.6% and the high volatile HV up to
32.5%. For the investigation into coal blending, a ‘reference’ particle
size speciﬁcation was chosen, typical of a granulated coal speciﬁca-
tion for blast furnace injection, 100% 61000 lm with 50%6250 lm. The samples were milled to this speciﬁcation using a
TEMA™ disc mill and classiﬁed by dry sieving using the standard
BS1016-109:1995. Because high rank semi-anthracitic coals can
lead to unburnt particulates when injected into a blast furnace
manufacturers are limited to how much they can incorporate, so
for this research blends with 40 wt% LV1 were used.
The coal ash from each of the samples was analysed to identify
the constituent elements and their variation, shown in Table 2,
represented as the most stable oxide form.
2.2. Methods
2.2.1. Proximate and petrographic analysis
The classiﬁed samples were dried at 105 C using
BS11722:2013 until a constant weight and the volatile matter con-
tent was measured using standard BS15148:2005. Ash contents
were carried out using the standard method BS 1171:2010.
The petrographic maceral analysis was carried out in accor-
dance with ISO7404 by preparing a polished particulate block
and carrying out a point count under reﬂected light microscopy
to identify the different macerals present.
A Perkin Elmer Optima 2100D inductively coupled plasma spec-
trophotometer (ICP–OES) was used to determine the analysis of
metal in the coal ash. Samples were prepared for analysis by
microwave digestion using aqua regia (1 part HNO3, 3 parts HCl),
followed by hydroﬂuoric acid (HF, 48%) and boric acid (H3BO3).
TGA was carried out using a Perkin Elmer Pyris 1 TGA with an
air ﬂow rate or 30 mL/min at 4 different heating rates 5, 10, 15 &
20 C/min. Kinetic analysis of the TGA mass loss and derivative
data was used to determine the activation energy by standard BS
ISO 11358-2:2005. Ozawa, and later, Flynn and Wall derived the
relationship in Eq. (1), where Ea is the activation energy (kJ mol1)
and R is the gas constant which for the four different heating rates
and temperatures becomes Eq. (2) for a given degree of conversion.
logbþ 0:4567ðEa=RTÞ ¼ constant ð1Þ
Eq. (1). Ozawa, Flynn and Wall model free kinetic relationship.
logb1 þ 0:4567ðEa=RT1Þ ¼ logb2 þ 0:4567ðEa=RT2Þ
¼ logb3 þ 0:4567ðEa=RT3Þ
¼ logb4 þ 0:4567ðEa=RT4Þ ð2Þ
Eq. (2). Ozawa, Flynn and Wall iso-conversional relationship.
By plotting the logarithm of the heating rate, logb, against the
reciprocal of the absolute temperature, T1, for each degree of con-
version, a, a series of straight lines were plotted from which the
activation energy, Ea, was calculated from the slope (0.4567Ea/
R) [37,38]. The measured activation energy quoted in Table 3 was
obtained from the average activation energy for each degree of
conversion plot.
Scanning electron microscope (SEM) images were obtained
using a FEI SEM-EDX instrument XL30 ESEM FEG at 512  384 res-
olution in back scattered and secondary electron detection modes.
Particle size analysis work was carried out using a Malvern
Mastersizer 3000 laser diffraction particle analyser using a wet cell
accessory with obscuration levels between 4% and 8%.
2.2.2. Devolatilisation and burnout testing using drop tube furnace
A drop tube furnace (DTF) was used to characterise the devola-
tilisation and burnout behaviour of the coal samples at 1100 C in
air for residence times between 35 ms and 700 ms. The high heat-
ing rate and short residence times in the DTF environment closely
resemble those experienced when coal is injected into the blast air
of the blast furnace raceway making this a particularly relevant
technique [12,18,24,39]. Particles were fed into the top at feed
Table 1
Analyses of coals (dried).
Coal
type
Proximate analyses Petrographic analyses
Volatile matter content
(wt%)
Ash content
(wt%)
Fixed carbon content
(wt%)
Gross Caloriﬁc value
(MJ/kg)
Vitrinite
(vol%)
Liptinite
(vol%)
Inertinite
(vol%)
Mineral matter
(vol%)
LV1 8.2 5.1 86.7 34.4 83 1 14 2
LV2 13.3 8.1 78.6 32.3 60 0 39 1
LV3 14.7 4.3 81.0 34.4 78 1 18 3
MV 24.6 8.1 67.3 31.3 52 1 46 1
HV 32.5 7.0 60.5 32.3 71 10 17 2
Table 2
Inductively coupled plasma analysis of coal sample ash (wt%).
Al2O3 Fe2O3 CaO ZnO TiO2 MgO CuO Na2O P4O5 SiO2 K2O Total
LV1 25.0 7.6 2.6 0.0 0.9 0.8 0.1 0.7 1.3 40.1 1.9 81.0
LV2 26.1 6.1 2.1 0.0 1.8 0.8 0.0 0.9 0.8 42.5 1.4 82.5
LV3 29.0 8.3 2.1 0.0 0.7 1.4 0.0 1.0 0.8 40.8 1.9 86.1
MV 19.7 6.9 2.1 0.0 0.8 1.0 0.0 0.5 0.3 55.9 2.2 89.4
HV 25.3 4.6 1.6 0.0 1.5 0.6 0.0 0.5 0.1 49.5 1.7 85.5
Table 3
TGA and kinetic parameters.
Samples LV1 LV2 LV3 MV HV LV2:LV1 60:40 LV3:LV1 60:40 MV:LV1 60:40 HV:LV1 60:40
Ignition temperature (C) 545 492 501 447 400 519 512 472 444
Theoretical value 513 519 486 458
% Change compared to theoretical 1.1 1.3 2.9 3.1
Peak temp (C) 675 636 637 625 570 631 626 622 621
Theoretical value 652 652 645 612
% Change compared to theoretical 3.2 4.0 3.6 1.5
Burnout temp (C) 1032 861 916 848 806 978 901 843 841
Theoretical value 929 962 922 896
% Change compared to theoretical 5.2 6.4 8.5 6.2
Activation energy (Ea)a (kJ mol1) 86.0 50.3 50.3 38.8 36.3 66.9 42.7 53.7 54.4
Theoretical value 68.1 68.1 62.4 61.1
% Change compared to theoretical 1.8 59.5 16.3 12.4
Combustibility index (108) 0.9 1.99 1.25 1.52 2.08 0.90 1.48 1.65 1.94
Theoretical value 1.56 1.12 1.28 1.61
% Change compared to theoretical 36.7 32.7 29.1 20.0
a Average measurement of different degrees of conversion.
42 J.M. Steer et al. / Fuel 151 (2015) 40–49rates of 30 g/h, entrained in a laminar air ﬂow at 20 L/min and col-
lected at the bottom by means of a cyclone collector. The particle
residence time was controlled by altering the distance of a move-
able water cooled collection probe up to a maximum path length
of 1.2 m from a water cooled inlet feeder.
The ash tracer method was used to calculate the burnout of the
coals, sometimes referred to as the combustion efﬁciency [40,41].
This method assumes that the coal ash remains conserved in the
char residue in the test conditions and that no ash species are
volatilised. This was tested for all the coal samples at 1100 C. It
is important to note that because the burnout ﬁgures are calcu-
lated using the ash tracer method, there is room for error propaga-
tion which can lead to repeatability issues [42] and the measured
standard deviations ranged from 0.2% to 5.2% with an average of
2.6%.
The burnout (%) is calculated from the ash balance of the initial
content of ash in the coal (A0) and the ash content of the residue
collected post DTF (A1).
Burnout ð%Þ ¼ 10
4 ðA1  A0Þ
A1ð100 A0Þ ð3Þ
Eq. (3). Ash tracer burnout.The extent of devolatilisation was determined by measuring the
volatile matter content of the residues collected post DTF. These
results were then adjusted using the ash tracer method to account
for any differences in burnout and to obtain absolute ﬁgures for
comparison.
3. Results and discussion
3.1. Coal blending
To investigate the effects of incorporating lower volatile coals
for blast furnace coal injection, four blends were prepared of the
HV, MV, LV2 and LV3 coals with 40% of the semi anthracitic low
volatile matter content coal LV1. This proportion was chosen as
an aspirational target because the injection of these coals in the
blast furnace has been shown to be problematic at higher levels
[10]. The Thermogravimetric analyser (TGA) was used to compare
some of the speciﬁc parameters affected by blending because of its
suitability to accurately measure thermal mass loss change with
controlled heating rates. From this measurement the ignition tem-
perature, peak mass loss temperature and mass loss rates were
obtained and the Ozawa- Flynn, iso-conversional, model free,
kinetic method used to calculate the activation energy.
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are in the order of 104–105 C/s [10], the heating rates of a TGA
(10 C/min) are orders of magnitude lower with small sample
masses (20 mg) and a bulk sample analysis method where there
are potential interaction and gas diffusivity effects. However, the
technique is fast, reliable and convenient. In contrast to this, the
drop tube furnace (DTF) measures burnout and devolatilisation
under high particle heating rate conditions (104 C/s) [43], dilute
particle phase and high temperatures. Because of its similarity to
the raceway conditions, this makes the DTF a very useful compar-
ison technique.
3.2. Thermogravimetric (TGA) and kinetic analysis
Thermal analysis proﬁles of the mass loss versus temperature
are shown in Fig. 1a for the unblended coals and Fig. 1b for the
blended coal samples as measured using the TGA at a 10 C/min
ramp rate. The derivative curves plot the rate of mass loss for the
coals versus temperature for the unblended coals in Fig. 2a and
for the blended coals in Fig. 2b.
Because of the short particle residence time in the raceway ca.
35 ms [2], blast furnace iron manufacturers use the volatile matter
loss as an important technical parameter to determine the suitabil-
ity of coal. With respect to temperature, the mass loss proﬁles
approximately follow the order of volatile matter content from
highest to lowest as might be expected HV, MV, LV2, LV3 and
LV1. However, it is worth noting that the proﬁle shape of LV2, in
Fig. 1a, indicates higher char reactivity at high conversion levels
with a lower burnout temperature compared to the other lower
volatile coals. Although higher volatiles have been shown by some
authors to produce more reactive chars [15], this is not always the
case, and Australian low volatile coals with similar volatile matter
contents have been shown to display different char reactivities,
suggesting differences between coals of similar VM [44]. Con-
versely, the lowest volatile coal LV1 had the broadest derivative
curve with the lowest rate of mass loss change suggesting that in
addition to a low volatile content this coal had lower char
reactivity.
For the coal blends, shown in Fig. 2b, the proﬁles were closer
with a narrower band of variation reﬂecting the smaller volatile
blend range of 10.6–23.2%, compared to the unblended coals 8.2–
32.5%. As expected because of the higher volatile matter content,
the HV and MV blends showmass loss at a lower temperature than
the lower volatile blends of LV2 and LV3. However, although the
unblended LV2 coal had a mass loss proﬁle at a lower temperature
relative to the other low volatile coals, the proﬁle for the blended
LV2 showed a negative effect with the incorporation of LV1 coal
with mass loss occurring at higher temperatures.Fig. 1. Thermogravimetric mass loss curves for (a) unblenThe quantitative measured ﬁgures for the unblended coals
shown in Table 3 show a generally decreasing trend of lower igni-
tion temperature, peak temperatures, burnout temperatures, and
activation energy associated with higher volatile contents. To com-
pare the effect of blending, the theoretical values for the different
parameters were calculated from the measured ﬁgures for the
unblended coals assuming simple proportional additive behaviour.
A combustibility index was used to compare the different
parameters together and incorporates the mass loss and the deriv-
ative mass loss; the higher this ﬁgure, the better the overall com-
bustibility. The index is deﬁned in Eq. (4) and is made up of the
maximum rate of weight loss (dw/dt)max, the average rate of
weight loss (dw/dt)mean, the ignition temperature (Ti) and burnout
temperature (Tb) [45].S ¼ ðdw=dtÞmean ðdw=dtÞmax
Ti2Tb
ð4Þ
Eq. (4). Combustibility index.
The lowest VM LV1 coal had a signiﬁcantly lower reaction index
(0.9) compared to the other unblended coals, but although their
VM contents were quite different (D = 19.2%), the combustibility
index of the LV2 coal and the HV were close (1.99 and 2.08) due
to the faster combustion rate of the LV2 char. In addition to the
beneﬁt of blending coals with better combustibility properties,
the process of blending showed both synergistic and inhibitory
non-additive blending results.
Compared to the theoretical values the ignition temperature,
peak temperature and to a lesser extent the burnout temperature
exhibited additive behaviour on blending. However, there was a
marked reduction in the activation energy and a marked increase
in the combustibility with the higher volatile coals and particularly
with the LV3 coal. Considering the relatively small difference in
volatile contents (6.5%) for the LV1 and LV3 this suggests a syner-
gistic effect separate to the VM order. In contrast, the LV1 had an
inhibitory effect on the mass loss rates in particular which, when
blended with LV2, severely reduced the combustibility index
(36.7%).
Table 4 shows the activation energy and correlation coefﬁcients
for the coals and blends at different levels of conversion and
describes more speciﬁcally what happens when the samples are
blended. For the unblended low volatile LV1 the activation energy
increases with conversion and indicates the lower reactivity of its
char which affects each coal blend differently, this is consistent
with increased carbon structure ordering and preferential con-
sumption of less ordered carbon. The crystalline phase of carbon
is expected to increase with coal rank which agrees with the order
of the unblended samples from the semi anthracitic LV1 to the highded and (b) blended coals at 10 C/min heating rate.
Fig. 2. Derivative thermogravimetric rate of mass loss curves for (a) unblended and (b) blended coals.
Table 4
Activation energy and correlation coefﬁcients at different levels of mass conversion.
Conversion R2 Ea (kJ/mol) R2 Ea (kJ/mol) R2 Ea (kJ/mol) R2 Ea (kJ/mol) R2 Ea (kJ/mol)
LV1 LV2 LV3 MV HV
0.1 0.9127 64.5 0.8495 48.4 0.8866 55.0 0.9260 35.9 0.9903 43.0
0.3 0.9956 81.0 0.8178 53.3 0.8389 52.8 0.9998 44.0 0.9908 38.3
0.5 0.9864 96.7 0.7410 52.1 0.7906 47.4 0.9854 40.7 0.9972 33.9
0.7 0.8837 101.6 0.6580 47.5 0.7552 46.1 0.9459 34.8 0.9999 30.2
LV2:LV1 LV3:LV1 MV:LV1 HV:LV1
0.1 0.9972 58.5 0.8694 54.6 0.9274 60.2 1.0000 71.8
0.3 0.9996 68.2 0.8306 46.1 0.9950 57.5 0.9855 54.5
0.5 0.9887 67.6 0.7966 37.6 0.9912 52.4 0.9753 48.4
0.7 0.9718 73.4 0.7465 32.7 0.9350 44.6 0.9636 42.9
Fig. 3. Sample burnout of unblended coals in drop tube furnace at 1100 C.
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24,28]. However, the TGA blend results showed a non-additive coal
speciﬁc behaviour for the LV2 blend which measured decreasing
char reactivity whereas with the LV3 the char reactivity increased.
With the higher volatile coals the LV1 had a negative effect on the
devolatilisation but the MV and HV coals improved the char
reactivity.
3.3. Drop tube furnace
A drop tube furnace (DTF) was used to investigate and compare
the burnout of coals in air at 1100 C, a similar temperature to that
used for the hot air blast used for coal injection. The high heating
rates and dilute particle phase make this equipment and technique
very useful because of the similarities with the raceway region of
the blast furnace.
The burnouts for the unblended coals shown in Fig. 3 closely
follow the order of increasing volatile matter content with improv-
ing burnouts from LV1 (48.1%) to a much higher HV (86.2%) and
similar proﬁle shape. The exception to this pattern was LV3 which
exhibited a slightly steeper proﬁle shape at longer residence times.
The low volatile coals were all characterised by low burnout (<10%)
at low residence times which has particularly important implica-
tions for blast furnace injection where residence times in the race-
way are low contributing to the challenge of using these coals.
However, the higher volatile coals HV and MV both have better
burnouts at low residence times because of the volatile matter
mass loss.
Each of the sample burnouts for the blends with LV1 has been
plotted alongside the unblended constituent coals and against
the theoretical blend proﬁle assuming additive behaviour to com-
pare the relative effects. Blends with the lower volatile coals LV2
and LV3 in Fig. 4 had little effect at residence times of 35 ms
because the unblended coals perform poorly. However, both
showed equivalent or improved burnout relative to theoretical at100 ms and 350 ms but LV1 inﬂuenced the blend most at longer
residence times (700 ms) with reductions of 6.1% and 7.5% com-
pared to the theoretical values. This is consistent with the TGA
kinetic data at higher conversions where there was a measured
increase in the activation energy for LV1 from 64.5 kJ/mol at 10%
conversion to 101.6 kJ/mol at 70% conversion. The decrease in reac-
tion rate and therefore burnout at higher conversions is affected by
the higher activation requirement required for LV1 and suggests
that the coal with lower activation energy burnt out ﬁrst. However,
it should be noted that the synergistic effect of the LV3 blend and
the inhibitory effect of the LV2 blend measured by the TGA was not
replicated in the DTF burnouts. This may in part be due to the
lower overall conversion levels measured in the DTF and because
of the much higher heating rates affecting the reactivity of the char
formed.
In comparison, blending the higher volatile coals MV and HV,
shown in Fig. 4, had a beneﬁcial effect on the burnouts due to the
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particle temperature and burnout [20]. The higher volatile coals
appear to have a synergistic effect on the burnouts, particularly at
the lower residence times, compared to the theoretical proﬁles.
Because of the measured burnout variation of the blended coals,
the devolatilisation has also been plotted to investigate its behav-
iour. The blend proﬁles of the LV2, LV3 and MV in Fig. 5 showed
very little variation compared to the theoretical proﬁles with no
measured synergistic beneﬁt on blending. However, blending the
higher volatile content HV, in Fig. 5, showed some improvement
in the devolatilisation. This effect is believed to be due to an
increased particle temperature associated to the rapid burnout of
the higher volatile matter content increasing the temperature sur-
rounding the particle, which in turn might be expected to increase
the measured volatile yield [20].
3.4. Particle size analysis
The sample residues after passing through the drop tube fur-
nace at different residence times showed obvious visual changes.
Residues after shorter residence times <100 ms were characterisat-
ically dark with relatively high levels of unburnt carbon, whereas
after longer residence times >350 ms the residues become dis-
tinctly lighter with obvious particle swelling. The observations
with increasing burnout implied decreasing carbon with reduced
density and potentially increased porosity which would affect
the reactivity and burnout of the chars formed.
To investigate this more closely, laser diffraction particle size
distributions were determined using a Malvern™ Mastersizer
3000. Two distinct effects in the particle size distributions were
measured the fragmentation and swelling. The fragmentation
occurs where larger particles heat very quickly and break intoFig. 4. Sample burnouts of unblended and blensmaller pieces [46] and would be expected to have a positive effect
on the sample burnout as the surface area exposed for reaction
increases correspondingly.
Fig. 6 shows the difference in the Dv90 (the maximum particle
diameter below which 90% of the sample volume exists) sample
particle size before and after 35 ms in the drop tube furnace. The
histogram indicates only a small decrease (50 lm) in the Dv90 par-
ticle size for the LV1, whereas the other coals all show larger
changes particularly with LV2 and LV3 coals with reductions of
554 and 520 lm respectively.
Considering the importance of particle size and surface area
with respect to reactivity and burnout, this fragmentation of the
particles measured at 35 ms could explain why LV2 and LV3 coals
measured improved burnout at longer residence times even
though the difference in volatile matter content (5.1% and 6.5%)
is low. The MV and HV coals also show reductions in the Dv90
(206 and 241 lm) but lower than LV2 and LV3 which could be
due to a swelling effect noted in Fig. 7 associated with the larger
volatile matter content release and offsetting the fragmentation.
For the blended coals there was a measured fragmentation
effect at 35 ms compared to the LV1, with reductions in Dv90 rang-
ing from 223 to 462 lm compared to the small change of 49 lm
with the LV1. For the blends with lower volatile matter, the frag-
mentation could explain the improved burnouts at 100 and
350 ms relative to theoretical, particularly for the LV3 coal blend.
The second measured change in particle size distribution was a
particle swelling effect which occurred at longer residence times
(700 ms) in the drop tube furnace, as shown in Fig. 7, measured
by the Dv90 particle size increase between 35 and 700 ms. An
increase in the size of the particles relative to their mass could
potentially decrease the density and increase porosity, unless the
effect is due to agglomeration.ded coals in drop tube furnace at 1100 C.
Fig. 5. Devolatilisation curves for blends compared to the theoretical proﬁles.
Fig. 6. Dv90 particle size reduction after 35 ms post DTF compared to initial pre
DTF values.
Fig. 7. Dv90 particle size increase after 700 ms post DTF compared to initial pre DTF
values.
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showed little change (32 lm) in the relative Dv90 particle size
of the unburnt DTF residues corresponding to the lowest burnout
(48%) and consistent with its semi anthracitic rank. However, theother lower volatile content coals, LV2 and LV3, with higher burn-
outs (59% and 69%), both show relative increases by 375 and
342 lm even though LV3 has a very similar petrographic composi-
tion to LV1. The high volatile, MV and HV, both have better DTF
burnouts (74% and 86%) and show large relative increases of 755
and 455 lm, caused by the escaping volatile matter and viscoelas-
tic plastic ﬂow of these samples.
For the coal blends with LV1, all the samples measured an
increase in the relative particle sizes ranging from 249 to 364 lm.
For the lower volatile coals LV2 and LV3, the swelling effect actually
corresponded to a reduction in the burnout at 700 ms relative to the
theoretical values which might suggest agglomeration of the parti-
cles reducing the surface area and porosity and consequently affect-
ing the reactivity. For the HV coal blend there was no change in
burnout relative to theoretical, but the highest swelling coal MV
gave the coal blend with the best burnout proﬁle and the only coal
to show improvement at all the residence times.3.5. SEM particle analysis
3.5.1. Particle shape and structure post DTF
To investigate the effect of residence time in the DTF on the coal
samples, scanning electron microscope images were used to visu-
alise the char forming behaviour of the unblended coals to corre-
late with blending behaviour. Backscattered electron detection
was used to obtain images to look at the fragmentation and com-
pare with the particle effects measured using the Malvern particle
size distributions; but it was also selected to highlight the distribu-
tion of higher atomic weight elements contributed by the mineral
content, because of their potential effect on the reactivity of the
samples.
LV1 particles after 35 ms in the DTF are shown in Fig. 8a and are
characterised by sharp edges and brittle fractures from milling,
with little evidence of any physical thermal change consistent with
the low DTF burnout (4.0%), high TGA activation energy (64.5 kJ/
Fig. 8. Backscattered images of the DTF residue of LV1 after (a) 35 ms and (b) 700 ms.
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by laser diffraction. In comparison, in Fig. 8b, after 700 ms burnout
the particles show some surface pores associated with burnout;
however, the char formed had the appearance of a solid structure
consistent with the semi anthracitic rank with little change in par-
ticle shape, suggesting that phases of this coal are very unreactive.
This agrees with the much higher char activation energy (101.6 kJ/
mol @ 70%) and lower TGA combustibility index at high conver-
sions and lower DTF burnout after 700 ms.
In comparison, the LV2 low volatile coals in Figs. 9a and b pro-
duced cenospherical type char with evidence of explosive fracture,
hollow structures with thin walls consistent with the fragmenta-
tion observed with the particle size measurement and after
700 ms it also showed signs of particle swelling and bubbling.
The other low volatile coal LV3 in Fig. 10a and b also showed char-
acteristics of a cenospherical char structure with thin fractured
walls but after 700 ms these structures appear to have agglomer-
ated into larger porous chars. These appeared to be bigger than
the measured Dv90 ﬁgures obtained by laser diffraction which
may suggest their hollow nature was more brittle and fracture
occurred as the particles were circulated around the diffraction
measurement cell.
The images for the MV shown in Fig. 11a and b appear to show a
mixture of thin walled fragments and sintered residues at 35 ms
and a large swelling effect after 700 ms. The char structure
appeared to be less open than the LV2 and LV3 with small surface
porous holes which might suggest that the higher burnout mea-
sured for this coal is more to do with higher reactivity than poros-
ity. In comparison, the HV images shown in Fig. 12a and b also
show the swelling effect, but in difference to the MV, the images
after 700 ms indicate a more open hollow structure with exposed
thin walls and a higher expected porosity correlating with a high
burnout 86.2%.Fig. 9. Backscattered images of the DTF residu3.5.2. Particle mineral content post DTF
It is well researched and understood that the mineral content of
coals can contribute synergistic, catalytic and inhibitory effects on
combustion and devolatilisation [29–34]. With this in mind, back-
scattered electron SEM images were collected to identify the distri-
bution of the mineral elements. These heavier elements show up as
lighter areas on the SEM images due to increased electron
scattering.
The lowest burnout LV1 had larger ash particles present as dis-
crete particles not closely associated with the char. The presence of
minerals, as inclusions in the residue of the matrix, was less obvi-
ous than with the other samples, even after 700 ms in the DTF. In
comparison, the other low volatile coals LV2 and LV3, had more
obvious mineral inclusions as ﬂecks closely associated in the coal
residue which could facilitate improved combustion compared to
the LV1 and explain improved burnout compared to theoretical.
The higher volatile samples also had very visible mineral inclusions
in the coal residue surface at 35 and 700 ms in the DTF.
The other consideration with inert mineral content is that as the
sample combusts the mineral concentration relative to the
unburnt residue increases. This effect is most noticeable with
higher volatile samples whose ash contents after a residence time
of 700 ms were HV (35.2 wt%) and MV (24.4 wt%) compared to the
lower volatile coals LV1 (9.4 wt%), LV2 (17.7 wt%) and (LV3
14.4 wt%). A synergistic/catalytic effect by the mineral content
could be a contributing reason to explain why the chars of the
higher volatile coals, containing higher mineral concentrations,
show good burnouts across all the residence times tested in the
DTF.
In particular, the MV coal had better burnout compared to the-
oretical across all residence times despite a high inertinite content,
which might be expected to reduce its reactivity. Coal ash samples
are widely reported to contain different aluminosilicate clay min-e of LV2 after (a) 35 ms and (b) 700 ms.
Fig. 10. Backscattered images of the DTF residue of LV3 after (a) 35 ms and (b) 700 ms.
Fig. 11. Backscattered images of the DTF residue of MV after (a) 35 ms and (b) 700 ms.
Fig. 12. Backscattered images of the DTF residue of HV after (a) 35 ms and (b) 700 ms.
Table 5
Ash elemental ratio (normalised to LV2 ash content).
LV1 LV2 LV3 MV HV
Si/Al ratio 0.89 1.45 0.66 2.5 1.5
K/Al ratio 0.08 0.09 0.06 0.17 0.09
DTF burnout % (700 ms) 48 59 69 74 86
48 J.M. Steer et al. / Fuel 151 (2015) 40–49eral phases, which have been reported to produce positive com-
bustion effects such as catalysis and negative effects such as ﬂux-
ing [29–31,33,34,47]. In Table 5 the elemental ratios of silicon
and potassium relative to aluminium, taken from the ICP ash anal-
ysis in Table 2, indicate that MV has a higher silicon/aluminium
which is likely to contribute to a reduced ﬂuxing and a higher
potassium/aluminium ratio which indicates a higher proportion
of the illite mineral shown by other authors to have a synergis-
tic/catalytic effect on burnout. There does not appear to be a corre-
lation for all the coals but the higher potassium ratio of the MV coal
and its known effect could explain the improved burnout com-
pared to its theoretical proﬁle and particularly on the blend with
LV1 coal.4. Conclusions
The results of this work gave an insight into the blending of a
semi anthracitic low volatile content coal (LV1) for granulated coal
injection and the way it affects the burnout and devolatilisation
with coals of different ranks and volatile content. It was found that
not only was it possible to increase the burnout and volatile yield of
the LV1 by blending with these other coals, but that they showed
non-additive improvements relative to the theoretical values.
Even after 700 ms in the DTF, the unblended higher rank LV1
showed little change in the char form and structure. In comparison,
the granulated particles of the other low volatile coals showed
strong fragmentation at 35 ms forming cenospherical type, hollow
and thin walled char structures with ‘included’ mineral phases
which corresponded to burnout improvements. However, blending
these low volatile bituminous coals could not offset the effect of
increasing activation energy for the LV1 char at higher residence
times (700 ms) and burnouts were lower than theoretical.
Blending the highest volatile content coal and LV1 improved the
low residence time burnout due to the fast release of volatile mat-
J.M. Steer et al. / Fuel 151 (2015) 40–49 49ter with some evidence of an increased particle temperature due to
this, as indicated by an increased volatile yield relative to theoret-
ical. Along with a related increase in particle swelling behaviour,
and signs of a more porous char, the burnouts were correspond-
ingly higher.
The activation energy and combustibility of the LV1 char was
improved on blending with higher volatile coals and the blend
with the mid volatile matter bituminous coal showed non-additive
burnout improvement above theoretical at all residence times .
This coal contained higher K/Al ratios associated with the mineral
illite, identiﬁed in other work as contributing a synergistic or cat-
alytic effect; along with the presence of other minerals as inclu-
sions through the granulated coal particles, this goes some way
to explaining the improved burnout. Further work would beneﬁt
from looking at the surface chemistry more closely with XPS to
identify reactive or catalytic elemental associations to strengthen
this conclusion.
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h i g h l i g h t s
 Some larger coal particle sizes had better burnouts than smaller sizes.
 More surface oxygen bonding on the chars of larger particles compared to smaller ones.
 Grinding reduced sp2 carbon bonding correlating with better burnout at low conversion.
 Smaller particle size coals tend to swell while larger size coals tend to fragment.
 More mineral phase changes occurred in the larger size coals.a r t i c l e i n f o
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Grinding coals to a pulverised coal speciﬁcation for blast furnace injection can be costly, which is why
some iron manufacturers choose a larger granulated coal size speciﬁcation. However, there is a concern
that these coals may have lower burnout in the raceway region so there is a technical and economic bal-
ance with coal grinding. This paper investigates how the process of grinding alters the physical proper-
ties, plus the surface chemistry, of coals and their chars formed in a drop tube furnace; it was found that
in many cases the larger particle size coals gave improved combustion burnout compared to smaller
sizes.
The physical properties of the chars, formed from grinding coals to different sizes, resulted in char
swelling in the smaller particle sizes, compared to char fragmentation for the larger size classiﬁcations.
Minerals phases associated with better coal reactivity were found to undergo higher conversion to other
chemical forms with the larger size coals, suggesting a potential catalytic or synergistic contribution to
their burnout. A closer look at the surface chemistry suggests that the action of grinding coals has an
important effect on the surface chemistry. The XPS spectra of the chars, formed in a drop tube furnace,
indicated that grinding the coals to a smaller particle size reduced the carbon–oxygen and carbon–min-
eral interactions compared to the larger sizes and correlated with the higher burnouts. An increasing
trend was identiﬁed for the carbon sp2 bonding with larger size and higher rank coals which correlated
with their burnout at low carbon conversions; however, this did not hold at higher conversions, suggest-
ing other factors were more dominant.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Coal injection is a widely established technique used in blast
furnace ironmaking, but grinding the coal into a pulverised coal
speciﬁcation costs energy, time, and money [1]; in a study using
a Western bituminous coal (Oxbow), the U.S. department forenergy found there was a 60% increase in the power required to
grind it to a pulverised speciﬁcation [2]. For this reason some
manufacturers choose a larger granulated size speciﬁcation typi-
cally in the region of 100% < 2000 lm and 20% < 75 lm to save
grinding costs compared to general pulverised speciﬁcation of
80% < 75 lm [3–6]. However, manufacturers using granulated coal
injection risk unburnt materials carrying through the furnace into
the top gas and reducing the amount of coal utilised, particularly
with coals that combust less well in a blast furnace raceway, such
as those with lower volatile matter content [7,8]. This paper seeks
414 J.M. Steer et al. / Fuel 160 (2015) 413–423to investigate the effect of particle size on the coal burnout in the
context for blast furnace coal injection.
Grinding coal particles to a small particle size has been found to
improve their combustion by increasing the surface area, pore vol-
ume and devolatilisation [6,9,10], but can also lead to maceral and
mineral segregation effects. The maceral content of a coal affects
the combustibility (temperature of combustion) and the ordering
is considered to be liptinite < vitrinite < inertinite [11]. Work by
Morgan et al. and Yu et al. found that burnout temperatures were
reduced for smaller coal particle sizes [12,13], but the reactivity of
the corresponding chars was intrinsically different due to maceral
segregation effects although they were from the same coal [14]. In
comparison Cloke et al. discussed this effect, noting that inertinite
and fusinite concentrate in the smaller size fractions because they
are brittle compared with other macerals, but they also noted that
there were exceptions to this due to maceral associations with the
mineral matter [15].
Segregation of the mineral constituents by grinding coal also
plays an important role as these represent the non-combustible
portion of the coal; and due to their inherent hardness, increasing
amounts can affect the grinding which in turn increases abrasion
and wear to the milling equipment [11,16]. Studies have shown
that although the highest ash levels tended to occur in the smallest
size fraction this was not the same for all coals as their organic
afﬁnity varies [15,17].
Thermal fragmentation of coals is a signiﬁcant effect related to
particle size and composition, but limited work has been carried
out relating to surface chemistry and drop tube furnace burnout
[18]. Particles have been found to fragment extensively depending
on the coal type, particle size, furnace temperature and volatile
matter content. Dacombe et al. found that fragmentation increased
with particle size and correlated with a decreasing compressive
strength, while Senneca et al. and Zhang et al. identiﬁed the role
of internal overpressure and higher inner pressure due to the vola-
tile content of the larger particles and the contribution to fragmen-
tation [9,19,20].
Some coal particles exhibit a swelling effect which has also been
found to be related to particle size. It has been found that small
particle sizes have high swelling [21] and that in high vitrinite
bituminous coals a greater swelling effect occurred due to the
higher content of this maceral, producing more char cenospheres
[22]. However, although more porous chars are associated with
the swollen chars, agglomeration has also been observed in some
coals and may also inﬂuence burnout [10].
This paper aims to investigate reasons for differences in the
burnout of coal samples, ground and classiﬁed to three different
sieved particle sizes, <106 lm, <500 lm and <1000 lm, using a
drop tube furnace. The different sizes had different physical prop-
erties and laser diffraction was used to measure the particle size
distributions to investigate fragmentation and swelling effects
related to burnout. In comparison to the state of the art, this work
relates the coal burnout with the effect of grinding on the surface
chemistry and physical properties using X-ray photoelectron spec-
troscopy (XPS) to identify bonding interactions that contribute to
improvements in combustion.Table 1
Average analyses of different particle size coals (dried).
Coal
type
Proximate analyses
Volatile matter content
(wt%)
Ash content
(wt%)
Fixed carbon content
(wt%)
Gross c
(MJ/kg
LV1 8.2 5.8 86.0 34.6
LV2 12.5 8.6 78.9 31.9
LV3 14.4 4.7 80.9 34.2
MV 24.4 7.8 67.8 30.8
HV 33.0 6.9 60.1 31.92. Materials and methods
Five coal samples were milled using a TEMA™ disc mill and
classiﬁed by dry sieving using the standard BS1016 109:1995 into
the following three different ranges.
1. 100% < 106 lm
2. 100% < 500 lm
3. 100% < 1000 lm 50% < 250 lm
The classiﬁed samples were dried at 105 C using BS11722:2013
until a constant weight and the volatile matter content was mea-
sured using standard BS15148:2009. Ash contents were carried out
using the standard method BS 1171:2010. The petrographic maceral
analysis was carried out in accordance with ISO7404 by preparing a
polished particulate block and carrying out a point count under
reﬂected light microscopy to identify the different macerals present.
The samples ranged from high rank semi-anthracitic LV1 to the lower
rank high volatile bituminous HV and were chosen based on their
variation in proximate analyses shown in Table 1.
A drop tube furnace (DTF) was used to characterise the
devolatilisation and burnout behaviour of the coal samples at
1100 C in air for residence times between 35 ms and 700 ms.
The high heating rate and short residence times in the DTF envi-
ronment closely resemble those experienced when coal is injected
into the blast air of the blast furnace raceway making this a partic-
ularly relevant technique [23–26]. Particles were fed into the top at
feed rates of 30 g/h, entrained in a laminar air ﬂow at 20 L/min and
collected at the bottom by means of a cyclone collector. The parti-
cle residence time was controlled by altering the distance of a
moveable water cooled collection probe up to a maximum path
length of 1.2 m from a water cooled inlet feeder.
The ash tracer method was used to calculate the burnout of the
coals, sometimes referred to as the combustion efﬁciency [27,28].
This method assumes that the coal ash remains conserved in the
char residue in the test conditions and that no ash species are vola-
tilised. This was tested for all the coal samples at 1100 C. It is
important to note that because the burnout ﬁgures are calculated
using the ash tracer method, there is room for error propagation
which can lead to repeatability issues [29]. The average standard
deviation for all the drop tube furnace burnouts was 2.4%, with a
range from 0.1% to 4.1%.
The burnout (%) is calculated from the ash balance of the initial
content of ash in the coal (A0) and the ash content of the residue
collected post DTF (A1).
Burnout ð%Þ ¼ 10
4ðA1  A0Þ
A1ð100 A0Þ
Scanning electron microscope (SEM) images were obtained
using a FEI SEM–EDX instrument XL30 ESEM FEG at 512  384 res-
olution in back scattered and secondary electron detection modes.
Particle size analysis work was carried out using a Malvern
Mastersizer 3000 laser diffraction particle analyser, capable of
measuring between 0.01 and 3500 lm, using a wet cell accessory
with obscuration levels between 4% and 8%.Petrographic analyses
aloriﬁc value
)
Vitrinite
(vol%)
Liptinite
(vol%)
Inertinite
(vol%)
Mineral matter
(vol%)
83 1 14 2
60 0 39 1
78 1 18 3
52 1 46 1
71 10 17 2
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using monochromatic Al X-ray source operating at 144W. Data
was collected with pass energies of 160 eV for survey spectra,
and 40 eV for the high resolution scans. The system was operated
in the hybrid mode, which utilises a combination of magnetic
immersion and electrostatic lenses and acquired over an area
approximately 300  700 lm. A magnetically conﬁned charge
compensation system was used to minimise charging of the sam-
ple surface, and all spectra were taken with a 90 take off angle.
A base pressure of1  109 Torr (0.133 lPa) was maintained dur-
ing collection of the spectra. In all cases a binding energy of
284.5 eV was used for the C 1s peak to account for peak shifts
due to differences in sample charging.
3. Results and discussion
3.1. Drop tube furnace combustion
This study was based on coal samples ground to three different
particle size classiﬁcations to cover a range up to a typical granu-
lated coal speciﬁcation used by some iron manufacturers for blast
furnace injection. The aim of this approach was to measure bothFig. 1. Burnout of coals classiﬁed to particle sizethe effect of the different particle size, and also the impact of grind-
ing on the sample burnout.
Many studies investigating the effect of particle size are based
on a ground coal that is classiﬁed by sieving to obtain a portion
of a speciﬁc size fraction [15]. However, with this approach, min-
eral and maceral segregation can occur between the different par-
ticle sizes obtained, which can affect the combustion properties.
Rather than use a selected portion of a ground sample, each sample
was classiﬁed, separated, ground and reclassiﬁed. The process was
repeated to meet the required particle speciﬁcation and to be more
representative of an industrial grinding situation, where the entire
sample is used rather than a sieved portion.
The graphs shown in Fig. 1 show the relationship between the
burnout and residence time through the DTF, for the ﬁve different
types of coal at the three different size classiﬁcations. As expected,
the wide variation in the properties of the coals was reﬂected in
the burnouts and the order of the absolute maximum burnout cor-
relates predictably with the order of increasing volatile matter con-
tent for the coals. Interestingly, many of the larger particle size
classiﬁcations had higher burnouts than the smaller ones suggest-
ing that either the larger sizes were more reactive or that addi-
tional grinding was detrimental to the burnout of the smaller sizes.s of 106 lm, 500 lm and 1000 lm in a DTF.
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required to meet the smaller particle size classiﬁcation
(<106 lm) gave negligible absolute difference in the burnout for
the LV1 and LV2 low volatile content coals. For the LV3 and the
HV coals, grinding to the mid-size classiﬁcation of <500 lm was
sufﬁcient to give the same results as grinding and classifying to
the smaller <106 lm. Only the medium volatile matter MV coal
gave higher burnouts at 35 ms by grinding to the <106 lm classi-
ﬁcation at such a short residence time.
In comparison, at the higher residence time (700 ms), the
<500 lm coal classiﬁcation gave better burnouts for the LV2, LV3
and HV compared to the <106 lm classiﬁcation. For the LV1 and
MV coals the burnouts were similar for the <500 lm and
<106 lm classiﬁcations. Therefore at longer residence times the
results indicated that grinding to <106 lm gave little beneﬁt to
the burnouts, and with the LV2, LV3 and HV coals it had a detri-
mental effect.
Because of the energy requirement and cost associated with
additional grinding, the results have important implications on
the preparation requirements and processing of coals for blast fur-
nace coal injection. The performance of some of the larger classiﬁ-
cations suggests that for certain coal types, a granulated coal
speciﬁcation could give similar burnout performance to smaller
particle size pulverised classiﬁcation without the need for addi-
tional grinding.
To explain these differences in the burnout performance, the
physical and chemical effects have been investigated to identify
how grinding affects the coals by investigating particle swelling,
fragmentation, mineral composition and surface chemistry.3.2. Particle swelling and fragmentation effects
An important observation for the chars produced in the DTF was
the variation in physical size and shape, depending on the particle
size classiﬁcations of the coals from which they were derived.
These changes were quantiﬁed by comparing the measured parti-
cle size distributions of the coals and the coal chars after different
residence times through a drop tube furnace. It appears that the
trend is for larger coal size classiﬁcations (<1000 lm) to fragment
and for smaller coal size classiﬁcations (<106 lm) to swell; the
coals classiﬁed to <500 lm fall somewhere in between the other
classiﬁcations.
Fig. 2 compares the swelling/fragmentation of the chars pro-
duced from the different coal size classiﬁcations after 35 ms in
the DTF, measured by the absolute change of the Dv90 (particle
size below which 90% of the volume of sample exists). For the lar-
ger coal size classiﬁcation of coal particles (<1000 lm), the LV3 andFig. 2. Change in Dv90 of char relative to the initial coal for 35 ms residence time.HV fragmented the most followed by the LV1 and LV2 coals. The
MV coal char showed little change in the particle size at 35 ms,
but for the <106 lm classiﬁcation the MV and HV samples exhib-
ited the largest swelling effect of the measured samples.
Fig. 3 compares the swelling/fragmentation effects after 700 ms
in the DTF and the largest change in the chars was measured for
the coals classiﬁed to <106 lm. The most signiﬁcant swelling
was measured for the LV3, MV and HV chars. This swelling and
fragmentation effect has important implications for burnout. A
swollen char is expected to have a more porous and open network
allowing increased gas diffusion, while a fragmented char might be
expected to have increased particle surface area with a fractured
internal surface that could potentially have different surface
chemistry.
Scanning electron microscope (SEM) images, shown in Figs. 4–8,
were used to visualise the effect of swelling and fragmentation on
cross sections of the coal char particles after 35 ms in the DTF. The
char types formed from the <106 lm coal, shown in
Figs. 4a, 5a, 6a, 7a, and 8a, ranged from cenospheres and net-
work/honeycomb structures to the LV1 which had a mix of thick
walled cenospherical and solid char particles as shown in Fig. 4a.
In comparison, the char types shown in Figs. 4b, 5b, 6b, 7b, and 8b
formed from the larger coal classiﬁcation (<1000 lm) were all made
up of solid particles.
Considering the magnitude of the swelling and fragmenting
effect, there was no consistent correlation between the observed
effects and the burnout. The overall trend after 35 ms was frag-
mentation of the <1000 lm classiﬁed coals, but this did not
improve the burnout relative to the smaller particle size classiﬁca-
tions. However, it might go some way to explaining why the burn-
out of the larger particle classiﬁcations do not differ as signiﬁcantly
from the small particle classiﬁcation as might be expected consid-
ering the width of the particle distributions. At a residence time of
700 ms the largest effect was the char swelling, but the chars with
the highest swelling showed little advantage from this effect on the
burnout. The results suggest that other factors, such as the mineral
composition or the surface chemistry, also play an important role
on the burnout.3.3. Mineral composition and interactions
Minerals in coal can have a catalytic, inhibitory and synergistic
role on combustion and gasiﬁcation and is an area that has been
thoroughly researched [30–35]. Zhang et al. showed how the min-
erals affected the macerals and char porosity; for chars prepared in
the DTF ‘included minerals’ facilitated the formation of pores in
anthracites, but inhibited the formation of a more porous structure
in bituminous coal chars [30]. Feng et al. found evidence ofFig. 3. Change in Dv90 for char relative to initial coal after 700 ms residence time.
Fig. 4. Backscattered images of the LV1 char after 35 ms residence time (a) <106 lm and (b) <1000 lm.
Fig. 5. Backscattered images of the LV2 char after 35 ms residence time (a) <106 lm and (b) <1000 lm.
Fig. 6. Backscattered images of the LV3 char after 35 ms residence time (a) <106 lm and (b) <1000 lm.
Fig. 7. Backscattered images of the MV char after 35 ms residence time (a) <106 lm and (b) <1000 lm.
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Fig. 8. Backscattered images of the HV char after 35 ms residence time (a) <106 lm and (b) <1000 lm.
418 J.M. Steer et al. / Fuel 160 (2015) 413–423catalytic ordering during heat treatment depending on the mineral
content. By the relation of electrical resistivity to reactivity of chars
in a TGA, they suggested thermal deactivation occurred due to car-
bon structural ordering catalysed by the inorganic mineral matter
in the coal char whereas ash-free coal chars did not vary signiﬁ-
cantly. It has also been pointed out that there is often a lack of clear
and conclusive correlation about the catalytic inﬂuence of miner-
als, particularly combustion of high rank coals and that contradic-
tions and uncertainties associated with the inﬂuence of mineral
content could be due to inhomogeneity [33].
Coal ash samples are widely reported to contain different alu-
minosilicate clay mineral phases, which have been reported to pro-
duce positive combustion effects such as catalysis and negative
effects such as ﬂuxing [30–32,34–36]. In a previous paper, the
authors noted differences with the surface association of minerals
as inclusions, identifying them as a potential contributory factor to
improvements in the burnout of some coals [37] in particular the
aluminosilicate mineral illite has been identiﬁed for the formation
of parallel wide pores, increasing porosity and combustibility
[30,35,36].
These aluminosilicates can be present in many different phases
and kaolinite is known to lose hydroxyl functionality at around
500 C, forming metakaolin which can then undergo phase changesTable 2
Mineral composition (mass %) of char obtained from XRD analysis of the ash.
Amorphous Quartz Illite Mullite
106 lm 35 ms
LV1 3.3 1.2 0.9 0.0
LV2 5.2 1.7 1.3 0.0
LV3 2.5 0.0 1.7 0.0
MV 7.0 2.6 0.9 0.3
HV 8.6 2.5 0.9 2.7
500 lm 35 ms
LV1 2.5 1.2 1.3 0.0
LV2 5.3 1.7 1.2 0.0
LV3 3.8 0.0 1.3 0.0
MV 6.6 2.3 0.7 0.1
HV 7.4 2.8 1.1 0.6
106 lm 700 ms
LV1 7.5 2.9 1.3 1.7
LV2 11.1 2.0 0.0 1.2
LV3 6.8 0.0 1.1 2.2
MV 25.6 6.5 0.0 2.5
HV 18.9 5.5 1.2 3.5
500 lm 700 ms
LV1 9.5 2.2 0.0 2.1
LV2 14.6 2.6 0.0 2.4
LV3 15.8 0.0 0.0 4.2
MV 21.9 4.4 0.0 4.1
HV 32.4 11.6 0.0 6.6to form species such as mullite and cristobalite which persist as
solid phases up to 1600 C [38,39]. The changes in the mineral
phases could either contribute to better burnout or conversely
might be present as the result of better burnout.
Because the minerals have been shown to affect the rate of
combustion, this could contribute to the increased burnout in the
larger particle size coal compared to the smaller particle sizes for
LV2, LV3 and HV. Table 2 shows the percentage mass of different
mineral phases in the post DTF char residue calculated from their
concentrations measured by XRD in the ash. The results are
grouped according to the classiﬁed coal particle size used to obtain
each char, and indicate changes in the mineral compositions for the
char residues.
In particular, the illite mineral phase present in the <106 lm
and <500 lm chars at low 35 ms residence time decreases when
held at the 700 ms residence time. For the <106 lm coals it was
absent from the LV2 and MV char, but for the <500 lm particle
classiﬁcation it was completely absent for all the coal chars. The
results suggest that the illite either converts to another phase or
combines to form a non-crystalline amorphous phase and that this
occurs more readily for the larger <500 lm particle size coals.
Considering the role that the potassium (contained in the illite)
has been shown to improve combustion in coal, thisAnhydrite Corundum Hematite Rutile
0.0 0.0 0.2 0.0
0.0 0.4 0.3 0.0
0.4 0.0 0.2 0.0
0.0 0.0 0.5 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.2 0.0
0.0 0.3 0.2 0.0
0.5 0.0 0.2 0.0
0.0 0.0 0.2 0.0
0.0 0.0 0.2 0.0
0.0 0.0 0.6 0.0
0.0 0.5 0.3 0.3
0.0 0.0 0.0 0.0
0.0 0.0 1.4 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 1.3 0.4 0.4
0.0 0.0 1.1 0.0
0.0 0.0 0.9 0.0
0.0 0.0 0.0 0.0
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ter burnouts for some of the coals at <500 lm.
Apart from the low levels in MV and HV, the mullite mineral
phase absent in the <106 lm chars and the <500 lm chars at
35 ms was present at higher levels after 700 ms, and particularly
for the larger <500 lm coal particle size. Fig. 9 plots the change
in the mullite as the absolute percentage in the char (calculated
using the char ash content and the mullite concentration measured
by XRD in the ash) against burnout. An increasing trend in the mul-
lite contained in the char correlates with increasing burnout and
suggests that it may either play a role in catalysing burnout or that
is indicates the conversion of other mineral phases which might
have a role increasing the burnout.
3.4. Surface chemistry analysis using X-ray photoelectron spectroscopy
(XPS)
The previous section used bulk analysis techniques to investi-
gate sample changes, but the interfacial gas–solid reaction isFig. 9. Sample burnout plotted against the concentration of mullite in the char
residue.
Table 3
Absolute atomic % of deconvoluted high resolution XPS C 1s spectra.
Peak I II III IV
Binding energy range (eV) 284.3–284.5 285.1–285.5 285.6–286.5 287.0–
LV1 coal
106 lm 49.7 11.0 4.3 –
500 lm 56.3 13.0 3.3 –
1000 lm 58.9 5.7 3.7 –
LV1 char
106 lm 700 ms 43.8 16.3 4.7 –
500 lm 700 ms 41.3 15.2 12.3 –
1000 lm 700 ms 42.4 21.4 6.2 –
LV2 coal
106 lm 72.7 9.4 1.9 –
500 lm 56.0 14.3 4.4 –
1000 lm 50.2 17.0 4.9 –
LV2 char
106 lm 700 ms 54.6 16.9 8.1 –
500 lm 700 ms 42.1 17.7 19.0 2.6
1000 lm 700 ms 53.5 12.1 11.2 5.4
HV coal
HV 106 lm 40.2 19.0 4.9 1.8
HV 500 lm 35.6 11.1 11.2 6.1
HV 1000 lm 36.3 13.1 5.9 8.3
HV char
106 lm 700 ms 45.7 18.5 10.2 2.0
500 lm 700 ms 43.7 3.8 1.6 13.7
1000 lm 700 ms 38.6 19.8 – 20.7fundamental in coal combustion, herein we investigate the surface
chemistry using XPS, which looks speciﬁcally at the coal surface to
a depth of circa 10 nm [40]. A valuable aspect of this technique is
the information that it gives regarding the surface chemistry and
this has been used previously for coal research to compare the
effect of rank, ash mineral associations, and the effect of weather-
ing on the surface of coals [32,41–44].
The carbon spectral peaks are made up of chemical information
which can be deconvoluted by peak ﬁtting to determine carbon–
oxygen bonding and carbon hybridisation. This involves the sepa-
ration of overlapping peak intensities by constructing a peak model
from known line-shapes and ﬁtting these synthetic component
peaks to the peak data envelope. However, it is well recognised
that there is some difﬁculty in this technique due to C 1s peak
asymmetry which affects peak ﬁtting [45–48] and this should be
considered in the ﬁndings. Coal is a highly heterogeneous material
and the high resolution spectra of the C 1s region indicate a range
of different carbon–oxygen bonding present on the sample surface
which shift the electron binding energies (BE) depending on the
chemical environments surrounding the carbons [48]. These shifts
can be problematic to accurately determining the split between
carbon sp2 and sp3 bonding areas by the peak deconvolution
method which is why we have also used the C KLL Auger spectra
to determine the carbon hybridisation more accurately [49].
Table 3 details the peak ﬁtting ﬁgures for the carbon spectra
which were deconvoluted into ﬁve component peaks correspond-
ing to graphitic sp2 type carbon bonding (peak I BE = 284.3–
284.5 eV); sp3 type carbon bonding (peak II BE = 285.1–285.5 eV);
carbon present in alcohol or ether groups (peak III BE = 285.6–
286.5 eV); carbonyl groups (peak IV BE = 287.0–287.8 eV); and car-
boxyl or ester functions (peak V BE = 288.1–288.8 eV) [42,43,50–
53]. Other peaks were also recorded and those at binding energies
greater than 290 eV are usually attributed to p–p⁄ aromatic shake
up effects, while those below 284 eV are attributed to plasmon loss
features in this region. However, it should be noted that the peaks
in the 289.4–290.9 eV range have been associated with multipleV Satellite p–p⁄ peaks C 1s
287.8 288.1–288.8 289.4–290.9 291.2–292.1 293.4–293.9 Total %
– 2.2 – 0.6 67.8
1.4 2.2 – 0.5 76.8
1.6 2.7 – 0.7 73.5
2.4 1.6 – – 68.8
5.2 1.9 1.5 – 77.4
6.6 1.8 1.5 – 79.9
1.5 0.3 – – 85.8
2.5 0.7 – – 78.0
1.9 0.7 – – 74.7
2.3 0.3 – – 82.2
2.7 1.1 – – 85.3
– 2.7 – – 84.9
1.2 1.5 – – 68.5
1.8 – – – 65.9
1.6 0.8 – – 66.1
3.2 1.3 – – 80.9
5.4 3.6 – 2.3 74.1
3.2 3.7 – – 86.0
420 J.M. Steer et al. / Fuel 160 (2015) 413–423oxygen bonding in carbonate and anhydride structures identiﬁed
by Beamson and Briggs in polymers [53]; their work also identiﬁed
carbidic bonding in some samples around 283 eV, attributable to
the metal–carbon bonding associated with the mineral content in
the LV1, LV2 and HV chars derived from the larger particle coal
classiﬁcations.
The high resolution scans revealed detailed information on the
carbon (C 1s) peaks, looking speciﬁcally at the changes caused by
grinding and related to the burnout. Work by other authors, has
identiﬁed the importance of surface oxygen species on the reactiv-
ity; Cope et al. noted that below 1200 C the formation of surface
oxides inhibits the structural anisotropy and enhances reactivity
[54], and Wan et al. noted that the mineral composition of the
coals activates the early stage carbon gasiﬁcation by acting as an
oxygen shuttling agent [32].3.4.1. High resolution C 1s spectra – coals
The C 1s spectra of the high rank semi-anthracitic LV1 coal in
Fig. 10, shows little difference in the absolute quantity of CAOI
IIIIIV
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Binding Energy (eV)
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Fig. 11. XPS deconvoluted C 1s spectra for particlebonding for the different particle size classiﬁcations which ranged
from 4.3% to 5.3%. However the LV2 in Fig. 11, and particularly the
lower rank HV coal in Fig. 12, both had higher measured concentra-
tions in the larger particle size classiﬁcations which had undergone
less grinding. Both showed asymmetrical peak broadening in the
higher binding energy region associated with carbon–oxygen
bonding as ether groups (CAO) and ester groups (O@CAO), ranging
from 3.4% to 6.9% in the LV2 and from 7.9% to 19.1% for the HV coal,
which also included carbonyl (C@O) bonding.3.4.2. High resolution C 1s spectra – chars
Compared to the coals, the spectra for the chars obtained after a
burnout residence time of 700 ms had greater peak asymmetry
with signiﬁcant peak shoulders in the higher binding energy
region, associated with more carbon–oxygen bonding. The results
suggest that the physical process of grinding the coal changes
the surface chemistry; either by reducing the number of reactive
functional groups, or due to the physical effects associated with
different particle size. The trend observed previously in Figs. 2I
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Fig. 12. XPS deconvoluted C 1s spectra for particle size classiﬁcations of HV (a) coal and (b) char.
J.M. Steer et al. / Fuel 160 (2015) 413–423 421and 3, was for smaller coal particles to swell and the larger parti-
cles to fragment, and it is the latter effect which could inﬂuence
the surface chemistry and reactivity by exposing cleaved surfaces
not subjected to the mechano-chemical effects caused by grinding.
Fig. 10 shows the peak ﬁtted spectra for the LV1 chars and indi-
cates higher levels of CAO bonding in the form of ether and ester
groups, ranging from 7.1% to 17.5%, compared to the LV1 coals
from which they were derived. The LV2 char, shown in Fig. 11, also
shows peak broadening for all the particle classiﬁcations compared
to the coals and it is the larger particle sizes that have the greater
concentration ranging from 10.4% to 24.3%.
The most pronounced peak proﬁle changes were observed in
the HV char, shown in Fig. 12, which exhibited a bimodal shape
for the <500 lm and <1000 lm particle sizes and CAO bonding
concentrations ranging from 15.4% in the smallest 106 lm classiﬁ-
cation to 23.9% in the largest 1000 lm.Table 4
XPS Carbon Auger (CKLL) D parameter and sp2 bonding character of coal samples.
D (eV) % sp2 (absolute)
Graphitea 22.5 –
Diamonda 14.3 –
LV1 106 lm 14.2 0.0
LV1 500 lm 15.1 8.2
LV1 1000 lm 16.5 20.8
LV2 106 lm 14.2 0.0
LV2 500 lm 14.6 3.5
LV2 1000 lm 15.2 9.0
HV 106 lm 14.4 1.3
HV 500 lm 14.2 0.0
HV 1000 lm 14.4 1.3
a Lascovich et al. [55].3.4.3. Carbon Auger electron spectroscopy
Issues regarding the accuracy of the peak ﬁtting technique for
the determination of the carbon hybridisation from the C 1s peak
have been widely discussed and other authors have recognised
particular difﬁculties differentiating the subtle differences
between sp2 and sp3 signals. These are made worse with highly
asymmetric peak shapes in hydrogenated samples such as those
encountered with heterogeneous coal samples [45–48].
An alternative technique to determine the sp2/sp3 carbon
hybridisation using the X-ray excited Carbon Auger (CKLL) spectra
was originally reported by Lascovich and Scaglione by measuring
the distance, D, between the positive and negative peaks of the ﬁrst
derivative of the spectrum [55]. A linear approximation was pro-
posed ranging from diamond at D = 14.2 eV, in which the carbons
are 100% in the sp3 conﬁguration, to graphite at 22.5 eV where
the carbons are 100% in the sp2 conﬁguration. In this range
Lascovich et al. also measured the sp2/sp3 ratio of samples of amor-
phous carbon and hydrogenated amorphous carbon samples and
since then other authors have extended this investigation to other
forms of carbon such as carbonised wood, which include up to 21%
oxygen bound on the surface and still show a linear relationship
[47].
It has been previously noted by Leung et al. and Yan et al. that
the sp2/sp3 values obtained from the D-parameter are consistently
smaller than those values obtained using the peak ﬁtting method
and this is true for these results too. This is thought to be due tothe inﬂuence of secondary electron emission on the auger peak
[48,49,56] and Lascovich et al. found that an increase of the hydro-
gen content in hydrogenated amorphous carbon ﬁlms corre-
sponded to an increase in the sp3 content.
The Carbon Auger data for the coal samples (Table 4) shows a
maximum sp2 percentage of 20.8% in the semi anthracitic LV1 coal,
9.0% in the low volatile bituminous LV2, and 0% in the HV corre-
sponding to different degrees of coaliﬁcation from the high rank
to lower rank.
The sp2 p-bonding corresponds to resonance stabilised aro-
matic/double bond character found in graphitic type structurally
ordered carbon bonding. The results however, suggest that the pre-
dominant bonding in the coal measured using XPS is sp3, the type
of sigma bonding associated with single covalent bonds in aliphatic
compounds. Grinding the coals to smaller particle size correlated
with a reduction in the sp2 character corresponding to bond cleav-
age of the carbon which changes the surface chemistry. This is
most relevant to the LV1 coal with 28.3% sp2 character for the
<1000 lm particle size as grinding this to <106 lm gave a much
improved burnout proﬁle compared to grinding the other coals.
The results in Table 5 show the measured percentage sp2 char-
acter of the coal chars after 700 ms residence time in the DTF.
Compared to the coals from which they were derived, the chars
have higher sp2 aromatic/double bond character. The increase sug-
gests thermal structural ordering of the carbons related to the sp2
bonding found in highly ordered graphitic carbon, previously
observed in the literature and which has been correlated to
Table 5
XPS Carbon Auger (CKLL) D parameter and sp2 bonding character of coal char samples (700 ms).
D (eV) % sp2(absolute) % DTF burnout after 35 ms % DTF burnout after 700 ms
LV1 106 lm 16.4 18.6 8.5 64.5
LV1 500 lm 17.8 34.5 2.4 63.9
LV1 1000 lm 18.4 41.6 4.4 48.1
LV2 106 lm 14.3 0.6 11.9 52.3
LV2 500 lm 15.4 12.4 11.6 68.1
LV2 1000 lm 16.0 18.7 9.0 59.2
HV 106 lm 14.8 5.7 51.3 81.6
HV 500 lm 15.1 7.9 48.8 93.0
HV 1000 lm 15.5 13.5 31.7 86.2
422 J.M. Steer et al. / Fuel 160 (2015) 413–423reductions in char reactivity [57–59]. Additionally, the preferential
combustion of the more reactive and less ordered sp3 bonded ali-
phatic carbons results in higher concentrations of the sp2 bonded
carbons present at the surface of the char.
The smaller particle size classiﬁcations of each coal char
(Table 5) had lower sp2 character compared to the larger classiﬁca-
tions and correspondingly higher char burnout at low residence
time in the DTF. This relative trend was also reﬂected with an
improved burnout with a lower rank of coal (HV > LV2 > LV1).
This is consistent with other work such as Lu et al. who showed
a relationship with increasing aromaticity and decreasing char
reactivity [60]. However the results indicate no direct correlation
between the absolute quantity of sp2 character for each of the coals
and burnout.
Also, there is no such correlation between burnout at higher
levels of carbon conversion and the sp2 character. This suggests
other variables such as particle swelling, fragmentation, or the type
of surface oxygen bonding are likely to play a dominant role in the
reactivity compared to the carbon bonding at higher conversion
levels.4. Conclusion
The results suggest that, in addition to the importance of size on
coal particle burnout, the process of grinding alters the physical
properties and surface chemistry so that in some cases the larger
size classiﬁcations give improved combustion burnout proﬁles
compared to smaller sizes.
Physical changes to the particle behaviour occurred on grinding
where the smallest particle size coals exhibited particle swelling
on combustion producing cenospherical and network chars,
whereas the larger classiﬁcations resulted in fragmented solid
chars. The presence of minerals such as illite has been demon-
strated by many authors to play an important role in improved
combustion of coal, and in most cases in this study, the larger par-
ticles resulted in higher conversion of the aluminosilicate minerals
mullite and illite. Combined with the trend of increasing burnout
with increasing mullite levels there is a suggestion that these
changes may indicate a catalytic or synergistic role, although it
cannot be discounted that they were the consequence of burnout.
The interaction of oxygen and carbon is fundamental to the sur-
face chemistry of combustion and the larger particle sizes had a
wider variety of oxygen–carbon bonding on the char surfaces com-
pared to smaller ones. This positive effect could be related to the
particle fragmentation exposing ‘cleaved’ surfaces which were
more reactive.
Other authors have linked sp2 bonding with structural ordering
and reduced reactivity; analysis of the Carbon Auger peak indi-
cated that the coals had up to 20.8% sp2 bonding which reduced
on grinding. However, the sp2 content increased for the chars, com-
pared to the coals from which they were derived, which wasrelated to the coal particle size and to increasing rank of coal. At
lower levels of carbon conversion these higher levels of the sp2
bonding correlated with reduced burnout, but at higher carbon
conversion other variables were more dominant.Acknowledgement
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